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I X
SUMMARY
The r i b u l o s e  1 , 5 -bisphosphate (RuBP) carboxylase 
o f  Rhodomicrobium v a n n i e l i i  (RM5) has been p u r i f i e d  and 
i t s  s t r u c t u r e  and p ro p e r t i e s  i n v e s t i g a t e d .  The enzyme 
contains both c a t a 1 y t i c a 1 I y  a c t i v e  l a rg e . a n d  r e g u l a t o r y  
small subunits although the small subunits  are shown to 
be lo st  under c e r t a i n  c o n d it io n s .  A t t e n t i o n  is  drawn to 
the need for  care in e l u c i d a t i n g  RuBP carboxylase 
quaternary  s t r u c t u r e , p a r t i c u 1a r 1 y where le ng thy  p u r i f i c a t i o n  
procedures are i n v o l v e d .  The in v i v o  r e g u l a t i o n  o f  carbon 
dioxide f i x a t i o n  has been examTned and found to d i f f e r  in 
several respects to that reported for Rhodospi r i 11um rubrum 
( S l a t e r  and M o r r i s ,  1973a, b ) ,  a p h y s i o l o g i c a l l y  s i m i l a r  
organism but whose RuBP carboxylase lacks any small su bunit s  
( T a b i t a  and McFadden, 197^3, b ) .
The use o f  sucrose den si ty  gradient  c e n t r i f u g a t i o n  in 
fixed angle r o to r s  for  RuBP carboxylase p u r i f i c a t i o n  has been 
in v e s t i g a te d  and is  shown to requ ire short  c e n t r i f u g a t i o n  
times g i v i n g  high r e s o lu t io n  w h i l s t  a l l o w i n g  r e l a t i v e l y  la rg e  
amounts o f  p ro t e in  to  be used per g r a d i e n t .  The advantages 
o f  t h i s  technique over  gra di en ts  in swinging bucket r o t o r s  
are di scussed.
The presence o f  RuBP carboxylase in e x t r a c t s  of  methane 
grown Methylococcus capsulatu s has been demonstrated, t h i s  
being the fi rst  rep ort  of  t h i s  enzyme in a methane o x i d i s i n g  
bacterium. The importance of  carbon d i o x i d e  f i x a t i o n  to 
M. capsulatus and the po ssible presence o f  a f u n c t io n in g  
Ca lvin  cycl  : has been in ve st i g a te d  by enzyme and r a d i o t r a c e r  
studies and how RuBP carboxylase a c t i v i t y  may be int e gr a te d  
int o  the o v e r a l l  metabolism of  the c e l l ,  d is cussed.  The RuBP 
carboxylase from M. capsulatus (B a th )  has been p u r i f i e d  and 
i t s  s t r u c t u r e  and p ro p e r t ie s  i n v e s t i g a t e d .  The enzyme has 
RuBP oxygenase a c t i v i t y  and the metabolism o f  the product o f  
t h i s  r e a c t i o n ,  2 -p h o s p h o g ly c o l 1 a t e , is  discussed with  respect  
to i t s  s i m i l a r i t y  to the serine pathway f o r  one-carbon 
a s s i m i l a t i o n .  The e v o l u t i o n a r y  l i n k  that  M. capsulatus may 
represent between carbon diox ide  and methane assimi 1 at i ng 
autotrophs is examined.
\
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The d e f i n i t i o n  of  autotrophy has re c e iv e d  considerable 
a t t e n t i o n  in recent years veer ing  between t h a t  of  Schlegel
(1975)  and Woods and L a s c e l l e s  (195*0. where autotrophs are 
defined as, 'organisms which are able to grow on inorga nic  
n u t r i e n t s ' ,  and that o f  K e l l y  (1971)  where, ' a ut otr oph s are 
organisms which f ix  carbon dio xide  as t h e i r  prime carbon 
source via  the C a lv in  cy cl e  (see page 10) and obtain energy 
from the o x id a t i o n  o f  ino rg a nic  chemical compounds'.  Recently  
however, Wh ittenbury and K e l l y  (1977)  have proposed a new 
d e f i n i t i o n  which broadens the scope of  a ut otro p hy  such that 
'autotrophs are micro-organisms which can synthesise a l l  
t h e i r  c e l l u l a r  c o n s t i tu e n t s  from one or  more one-carbon ( C j )  
compounds'. Thi s  d e f i n i t i o n  not o n ly  encompasses c l a s s i c a l  
autotrophs but also those b a ct e r ia  c h a r a c t e r i s e d  as methylo- 
t rophs (Colb y and Zatman, 1972) and the anaer obic  carbon 
dio xid e reducers.  Re su lts  presented below w i l l  g ive f u r th e r  
credence to the Whittenb ury and K e l l y  (1977) d e f i n i t i o n  and 
consequently ,  t h i s  w i l l  be adhered to throughout  t h i s  th e s i s .  
The use of  terms such as m e th y lo tro p h y , w i l l  however be 
reta i ned.
Three groups o f  autotrophs can be recognised at pre sent,  
determined by the pathway of  Cj a s s i m i l a t i o n  ( i )  those w it h  a 
Ca lv in  c y c l e ,  ( i i )  those with  a r i b u lo s e  monophosphate (RMP) 
cy c le  (see page 5 2 ) and ( i i i )  those w i t h  a s e r in e  cycle 
(see page 6 0 ) .  A number of  reviews have appeared on the
Calvin  c y c l e ,  a t t e n t i o n  being drawn to those o f  K e l l y  (1967; 
1971) and McFadden (1 9 7 3 ) .  The RMP cy cl e  and serin e  pathway 
have been comprehensively reviewed by Quayle (1972)  and 
Anthony ( 1 9 7 5 ) .
The p ho to s y n th e t ic  bact er ium ,  Rhodomicrobiurn v a n n i e l i i  
st r a i n  RM5 and the m e th y lo tro p h , Methylococcus capsulatus 
st ra i n  Bath,  have been studied in t h i s  t h e s i s  w it h  a view to 
understanding the ro le  o f  carbon d i o x i d e  in t h e i r  metabolism. 
The General I n t r o d u c t i o n  w i l l  t h e r e f o r e  review the present 
knowledge concerning the a s s i m i l a t i o n  o f  Cj -compounds, 
p a r t i c u l a r l y  carbon d i o x i d e ,  by m ic ro - o rg a n i s m s .  Where 
re l e v a n t ,  inform at ion  that  has been obtained on higher  plant  
carbon d i o x i d e  f i x a t i o n  w i l l  a ls o  be discussed.
1 . GROWTH CHARACTERISTICS OF RHODOMICROBIUM VANNIELII (RM5) 
AND METHYLOCOCCUS CAPSULATUS (BATH)
a) R. vann i e l i  i (RM5)
As w ith  o t h e r  members o f  the Rhodosp i r i 11aceae , R. vann i e l i  i 
(RM5) is  best grown p h o t o h e t e r o t ro p h i c a 1 1 y w i t h  o r ga ni c  
compounds s e rv in g  as p ho to sy nth e tic  e le c t r o n  donors and 
sources o f  c e l l u l a r  carbon. A wide range o f  o rg a ni c  compounds 
are u t i l i s e d  i nc lu d in g  d i c a r b o x y l i c  a c i d s ,  f a t t y  a c id s  and
k -
a lc o h o ls .  R. v a n n i e l i  i w i l l  a ls o  grow, a l b e i t  s l o w l y ,  
photo au to tro p hica 1 1 y using sulphide or hydrogen as 
el ectron donor and carbon diox ide as p r i n c i p a l  carbon 
source (Duchow and Douglas, 19^9; Pfennig,  1969).
Although R. vann i e l i  i requ ire s anaerobic c o n d i t i o n s  for 
photosynthesis,  the organism w i 11 also grow a ero bic al  1y 
in the dark.
During photohe ter otrop hic  growth,  the balance between 
ox id at io n  and r e d u c t i o n ,  is at le as t  in p art  maintained,  
e it h e r  by conversion o f  organic  substrate t o  carbon d i o x i d e ,  
i f  i t  is more o x id is ed  than cel l  material  o r  by a s s i m i l a t i o n  
o f  carbon d io x id e  i f  i t  is more reduced. T h e r e f o r e ,  c e r t a in  
organic  su bs tra te s req u ire  the simultaneous presence of  
carbon d io x id e  for  t h e i r  u t i l i s a t i o n .
A recent  f i n d i n g  has been the a b i l i t y  o f  Rhodomi crob i urn 
and other Rhodospi r i 1laceae to grow on Cj-compounds more 
reduced than carbon dio x id e  ( W e r t l i e b  and V i s h n i a c ,  1967;
Yoch and Li n d s tro m ,  1967; Qadri and Hoare, 1968; Pfenni g,  
1969; Quayle and P fe nni g,  1975; Douthit and P fen nig ,  1976). 
Carbon from formate was found to be a s s i m il a t e d  as carbon 
dioxide by a C a lv in  cy c le  in Rhodopseudomona s pa 1u st r i s 
(Yoch and L in dst rom ,  1967). Growth of  Rhodopseudomonas 
aci dophila (10050) on methanol req u ire s the simultaneous 
presence o f  carbon dio x id e  (1 )  (Quayle and P fe nni g,  1975),
( 1 ) *3[HCH0] + H202CH30H + C02
which functions as an ' e l e c t r o n  s i n k 1 for  the excess e l e c t r o n s  
in methanol. L a te r  work indi cated  that  a l l  carbon ent ere d 
the c e l l  by way o f  the C a lv in  c y c l e ,  a f t e r  complete o x i d a t i o n  
of  methanol to carbon d io x id e  ( Sahm et  ^ aj_. , 1976) .
Further  d e t a i l s  concerning the ph ysi o lo gy  of 
Rhodomi crobi  urn are contained in a recent  monograph by 
Whittenbury and Dow (1 9 77 ) .
b) M. capsulatus (Bath)
The f a c u l t a t i v e  the rm op hi le ,  M. caps ulatus ( B a t h ) ,  l i k e  a l l  
other  methane o x i d i s e r s ,  is  a s t r i c t  aerobe due to the 
requirement of  gaseous oxygen for the i n i t i a l  o x id at io n  o f  
methane ( H i g g i n s  and Quayle,  1970). Methane, methanol and 
dimethyl ether  are the o nly  substra tes  shown to support growth 
o f  M. capsu!atus ( B a t h ) .  Energy for growth and r e p r o d u c t i o n ,  
a r i s e s  from the ox id a t i o n  of  the growth substrate to carbon 
diox ide .  Formaldehyde is an intermediate  in t h i s  o x i d a t i o n  
and i t  is  at t h i s  ox id a t i o n  level  that  the bulk of  carbon is  
a ss im ila te d  i n t o  ce l l  material  ( 2 ) .
(2 ) CELL
MATERIAL
nadh2 o2
CH,
h 2o
c h 3 o h - ^ y
XH.
-» HCHO
ATP NAD(P)H,
JL____L HCOOH•
h 2o n a d ( p ) h2
' ^ ~ J>C02
NADH,
The enzymes o f  t h i s  o x i d a t i o n  pathway in M. capsulatus (B a t h )  
have been e x t e n s iv e ly  studied by workers at the U n i v e r s i t y  of  
Warwi ck.
Methylotrophs a re  g e n e r a l ly  found to  contain a complex 
inte rna l  membrane arrangement and on the basis of  t h i s ,
Whi t tenb ury et_ £j_. (1 9 70 )  d iv i d e d  methyl ot rophs int o two 
groups. Type I organisms possessed bundles o f  stacked, d i s c  
shaped membrane v e s i c l e s  w h i l s t  Type I I  organisms possessed 
la ye rs of  paired membranes around the p er ip he ry  o f  the c e l l .  
Furthermore, the d i s t r i b u t i o n  of  the two pathways of  carbon 
a s s i m i l a t i o n  in methane o x i d i s e r s ,  p a r a l l e l s  the d i s t r i b u t i o n  
o f  Type I and I I  membrane systems. Type I organisms have an 
RMP cycl e and Type I I  organisms a serin e  c y c l e .  Although 
under t h i s  c l a s s i f i c a t i o n ,  M. capsulatus (B a th )  is  a Type I 
m e th yl otro p h, c e r t a i n  p ro p e r t i e s  of  the organism suggest that  
t h i s  may not be so and these anomalies w i l l  be discussed in 
Section k.
72. ELUCIDATION OF THE CALVIN CYCLE
The techniques used by Benson, C a lv in  and co-workers for 
the e l u c i d a t i o n  o f  the pathway of  carbon d io x id e  f i x a t i o n  
in the green alga C h l o r e l l a  ( C a l v i n ,  1962) , have become 
the basis  for  most work using rad io is oto p es  for  t r a c i n g  
metabolic pathways. Because o f  t h e i r  importance, a b r i e f  
summary of  these techniques w i l l  be given he re ,  together 
with a d e s c r i p t i o n  o f  the C a l v i n  c y c l e .
Two bas ic  techniques were developed by C a l v i n ,  that
1 ko f  ra p id  sampling f o l lo w i n g  f i x a t i o n  o f  [  C ] - b i c a r b o n a t e  
and i d e n t i f i c a t i o n  o f  r a d i o l a b e l 1 ed compounds and secondly
lit
the use of  C s a tu ra t i o n  experiments.  By measuring the 
amount o f  i j o t o p e  present in va rio us  compounds at e a r ly
11ftimes a f t e r  f i x a t i o n  o f  [ C ] - b i c a r b o n a t e , a se r ie s  of  
curves o f  v a r y i n g  slopes and shapes were obtaine d.  Curves 
for the amount o f  isotope present in compounds serving as 
ports o f  e n t r y  for  the l a b e l l e d  substra te  have negative 
slopes and for  those compounds der iv ed from them, p o s i t i v e  
slopes. I t  was then p o s s i b le  to i d e n t i f y  many intermediates 
of  the C a lv in  c y c l e  and a l s o  the products o f  carboxy1 a t i o n .
I t  was also found that most compounds became q u i c k l y  satur ate d 
with r a d i o a c t i v i t y  and yet the amount o f  these compounds 
present is always small and u n f l u c t u a t i n g .  The a c t i v e  pool 
sizes o f  these compounds could  then be measured and by
changing an external  v a r i a b l e ,  a l t e r a t i o n s  in pool s izes 
could be fol lowed. I t  was found with  C h i o r e l 1 a that when 
deprived o f  l i g h t  there was a t r a n s i e n t  r i s e  in the pool 
s i z e  of  3 -phosphogly cerat e and a corresponding f a l l  in the 
pool s ize  o f  r ib u lo s e  1 ,5 -bisphosphate (RuBP) (Bassham 
et a [ .  , 195*+; Bassham and K i r k ,  I9 6 0) .  T h i s  corresponded 
w it h  3 -phosph oglyce rate  being the product o f  c a r b o x y l a t i o n  , 
p re v i o u s l y  suggested by a neg ative  slope of  i n c o r p o ra t i o n  
o f  label int o t h i s  compound, and RuBP being the acceptor  
compound for  carbon d io x id e .  The removal o f  l i g h t  e f f e c t i v e l y  
blocked the energy dependent conversion o f  3 -p h o s ph ogl yc e rat e  
to t r i o s e  phosphates without  decreasing the r a t e  of  formation 
o f  3 - phosphoglycerate from RuBP. S i m i l a r  experiments 
l i m i t i n g  the a v a i l a b i l i t y  o f  carbon diox ide (W il s o n  and 
C a l v i n ,  1955) , led to the accumulation o f  r i b u l o s e  and a f a l l  
in the concentrat ion o f  3 -phosphoglycerate.
Together  w it h  studies o f  enzyme a c t i v i t i e s  in c e l l - f r e e  
e x t r a c t s ,  the cy c le  o f  carbon dio x id e  f i x a t i o n  was e l u c i d a t e d .
The basic  c y c l e  is shown in Figure la.  A p o s s i b le  a l t e r n a t i v e  
to the rearrangement sequence shown, is  a lso  i n d i c a t e d  ( F i g .  1b).  
The f i r s t  key enzyme o f  the c y c le  is RuBP carboxylase which 
ca ta ly s e s the ca rb o x yl a t i o n  o f  RuBP to give  3 - phosphoglycerate 
( 3 ) .
Fig.  la The Calvin  cycle
( a f t e r  Quayle and F e r e n c i , 1978)
Abbrev iat  ions:
RuBP , r ib u lo s e  1,5- bis phosphate;  
PGA, 3-phosphog lyc era te;
DPGA, 1,3 -d ip h osp ho gl y ce ra te ;
GAP, glyceraldehyde 3-phosphate;  
DHAP, dihydroxyacetone phosphate; 
FBP, fructose  1, 6-b isphosphate;
FMP, fructose  6-phosphate;
EMP, e ryth ros e 4-phosphate;
XuMP, x y l u l o s e  5-phosphate;
SBP, sedoheptulose 1,7-bisphosphate 
SMP, sedoheptulose 7-phosphate;
R5P, r ibose 5-phosphate;
Ru5P, r ib u lo s e  5-phosphate
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The rest  of  the c y c le  f u nct io ns to regenerate RuBP 
and to give the net synth esi s  o f  one mole of  t r i o s e  phosphate 
from three moles o f  carbon d i o x i d e .  T h i s  e n t a i l s  the phos­
phory lat ion  and reduction o f  3 -phosph ogly cerat e fol lowed by 
a rearrangement sequence o f  which the f inal  step is ca ta ly s e d  
by the second key enzyme o f  the c y c l e ,  phosphoribulokinase.  
T h i s  involv es the generation o f  RuBP from r i b u l o s e , 5-phosphate 
(Ru5P) ( i t ) .
(it) CH2OH CH20P032 -
C = 0 ATP ADP C = 0
H-C-OH
H-C-OH H-C-OH
2 -2 - CH20P03
The ove ra l l  scheme o f  re a c t io n s  shown in Figure la r e q u ir e s  
six  moles of  reduced n ic o t i na m i de  adenine d i n u c l e o t i d e  
phosphate (NADPH2) and n ine  moles o f  adenine tr ip h o s p h a te  
(ATP)  for  the net s y nth e s i s  o f  one mole o f  t r i o s e  phosphate 
( 5 ) .  T h i s  i nd ic at e s the h i g h l y  endergonic natu re o f  the 
c y cl e .
( 5 )  3C02 + 6NADPH2 + 9ATP--------> g l y c e r a 1dehyde
3-phosphate + 6NADP + 9ADP + 9P j
The presence o f  RuBP carboxylase and p ho sp ho rib ul o -  
kinase in c e l l - f r e e  e x t r a c t s ,  is  g e n e r a l l y  considered as an 
ind ic at io n  o f  the o p e ra t i o n  o f  the C a l v i n  c y c l e .
Before c onsi de r in g the occurrence o f  the C a l v i n  cy c le  
and other pathways o f  carbon dio x id e  f i x a t i o n  in b a c t e r i a ,  
mention should be made o f  a p ost ula ted  second pathway of  
carbon diox ide  f i x a t i o n  in c e r t a i n  higher  p la n ts  (Hatch and 
Slack,  1966). T h i s  was based upon the f i n d i n g  that  label 
from [ C ] - b i c a r b o n a t e  i n i t i a l l y  appeared in the C^ a c i d s ,  
malate and a s p a rta te .  P l a n t s  in which t h i s  occu rs e x h i b i t  
a higher  rate o f  photosyn the sis  than the so c a l l e d  C ^ - p l a n t s ,  
which have 3 -p ho s phogl yce rat e as primary f i x a t i o n  product .  
However, as discussed by Z e l i t c h  (1 9 7 5 ) ,  ca rb o x y1 at ion 
y i e l d i n g  malate and a s p a r t a t e  represents a mechanism for
increasing the co nce ntr at i on  o f  carbon d i o x id e  at  the s i t e  
of  a ct io n  of  RuBP carboxylase and not a net f i x a t i o n  pathway.
3 . PATHWAYS OF CARBON DIOXIDE FIXATION IN BACTERIA 
a ) The re d u c t i ve  c a r b o x y l i c  acid  cycle
Considerable co ntr ove rsy  has fol lowed the suggestion made 
by Evans _et aj^. ( 1966) , o f  a cy cl e  o f  carbon d io x id e  
f i x a t i o n  termed the r e d u c t i v e  c a r b o x y l i c  a cid  c y c l e .  T h i s  
cy cl e  was reported in the photosyn the tic  bacterium,  
Chlorobium t hi osu l  a to p h i lu m , when grown a n a e r o b i c a l l y  in 
the l i g h t  w it h  carbon dio x id e  as sole source of  carbon. I t  
is e f f e c t i v e l y  a reversal  o f  the t r i c a r b o x y l i c  a c i d  cy cl e  
and r e s u l t s  in the net synthesis  o f  one mole o f  ox al oa ce ta te  
from four moles o f  carbon diox ide w it h  the regeneration o f  
acetyl  CoA, the primary carbon dio x id e  acceptor  ( F i g .  2 ) .
Two novel c a rb o x y la t i o n  reaction s are in v o lv e d ,  catal ys ed 
by pyruvate synthase ( 6) and ff- o x o g l u t a r a t e  synthase ( 7 ) .  
These enzymes have been found in c e l l - f r e e  e x t r a c t s  of  
£ .  thiosul  phatophi 1 urn (Evans e_t a_j_. , 1966) , Rhodospi r i 1 1 urn 
rubrum (Buchanan et a K  , 1967), Chromat i urn D (Buchanan and 
Arnon, 1965) and the methanogenic bacterium Methanobacterium 
thermoautotrophicum (Zeikus et. ¿ 1 . ,  1977) . Evidence for the
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F i 9- 2 The r e d u c t i v e  c a rb o x y l i c  a cid  cy cl e  
( a f ^ e r  Evans et a P  , 1966)
( 6 ) Acetyl  CoA + C02 + reduced f e r r e d o x i n ------------------- >
pyruvate + CoA + o x i d i s e d  ferre doxin
(7 )  Succinyl  CoA + C02 + reduced f e r r e d o x i n -------------------»
a - o x o g l u t a r a t e  + CoA + o x i d i s e d  fer red oxi n
cycle  has however l a r g e l y  come from work w ith  
C. thiosui  p ha to p h i 1 urn and is  based upon the ra p id  i nc orp ­
o ra t i o n  o f  [ ' ^ C ] - b i c a r b o n a t e  i n t o  amino a c i d s ,  p a r t i c u l a r l y  
glutamate,  and on the presence o f  the r e q u i s i t e  enzymes in 
c e l l - f r e e  e x t r a c t s .  T h i s  evidence has been c r i t i c a l l y  
reviewed by both Quayle (1972)  and McFadden (1973)  who have 
indicated a number o f  d e f i c i e n c i e s .  K i n e t i c  s t u di es  (Evans 
e_t a_}_. , 196u ; S i re va g  and Ormerod, 1970) have not included 
very  e a r l y  f i x a t i o n  times and have a ls o  been done at non­
physiol og i ca 1 carbon d i o x i d e  c o n c e n t r a t i o n s .  Furthermore, 
several enzymes n o t a b ly  c i t r a t e  ly a s e ,  have i n s u f f i c i e n t  
a c t i v i t y  in c e l l - f r e e  e x t r a c t s ,  to account for  the in v i v o  
carbon d io x id e  f i x a t i o n  ra t e .  The f a i l u r e  ( Buchanan et a 1 . , 
1972; Buchanan and S i r e v a g ,  1976) to detect  RuBP caiboxylase 
in C. th i osul phatoph i 1 urn was a ls o  taken to suggest a red uct iv e 
c a r b o x y l i c  a c i d  c y c l e .  However, t h i s  enzyme has been detected 
by Smi 11 ie et (1962)  and T a b i t a  e£ a_k ( 1 9 7 ^ 3 )  al though at a
low s p e c i f i c  a c t i v i t y
More r e c e n t l y ,  studies w i t h  a carbon isotope f r a c t i o n ­
at ion technique ( S i re v a g  et a K  , 1977) , which i s  based upon
12 13the p r e f e r e n t i a l  use o f  C ra t h e r  than C by RuBP 
carboxylase as opposed to the n o n - s e l e c t i v i t y  o f  phosphoenol- 
pyruvate (PEP) ca rbo xy las e,  have shown that  the  c o n t r i b u t i o n  
of  RuBP carboxylase to growth o f  Chiorob i um on carbon d io x id e  
is less than that  for Chromat i um, R. rubrum o r  Chiamydomonas.
In conclus ion t h e r e f o r e ,  th e re  is  as y e t ,  no evidence 
to suggest that  the red uc t iv e  c a r b o x y l i c  a c i d  c y c l e  functions 
as a f u l l  c y c le  for  carbon d i o x i d e  f i x a t i o n  in any organism. 
However, c e r t a i n  b a c te r ia  do have the enzymic c a p a b i l i t y  to 
support part o f  the cy c le  which in Chlorobi  um and more 
e s p e c i a l l y  M. thermoautot roph i cum (Fuchs and S tu p p e r i c h ,  
1978),  may have an important r o l e .
b) The C a lv in  c y c le
Most o f  the work on b a c t e r i a l  carbon d io x id e  f i x a t i o n  has 
been done w i t h  photosy nth e tic  b a c t e r i a  nota b ly  the 
Rhodospi r i 1la ce a e . As p r e v i o u s l y  i n d i c a t e d ,  a lth oug h able 
to grow photoau totrop hical  1 y , these organisms e x h i b i t  higher  
growth rates under photo he te ro tro p hi c  c o n d i t i o n s  where 
carbon d i o x id e  f i x a t i o n  assumes far  less importance.
19 -
The k i n e t i c  studies o f  Stoppani £ t  (1955)  w it h  
Rhodopseudomonas c a p s u l a tu s , e s t a bl i sh e d  that  carbon d io x id e  
is f ixed mainly  v ia  a Ca lv in  cycle  al though f i x a t i o n  into 
malate,  presumably due to C ^ - c a r b o x y l a t i o n  r e a c t i o n s ,  was 
also e vi d e nt .  Under con dit ions of  n o n - p h o to s y n th e t ic  
growth, carbon dio x id e  f i x a t i o n  by the C a l v i n  c y c le  was o f  
less s i g n i f i c a n c e .
C o n t r a d i c t o r y  r e s u l t s  have been obtai ned  w it h
palust r i s . Yoch and Lindstrom (1967) reported that
photoautot roph i ca 11 y grown FI. pa 1 u s t r i s a s s i m i l a t e d  both
carbon d i o x id e  and formate (which is  a s s i m i l a t e d  as carbon
dio xid e and h y d r o g e n ) ,  p r i m a r i l y  int o glutamate and amino
acids a f t e r  a f i x a t i o n  time o f  15s and phosphate e s t e r s
accounted for  less than 6% of  the f ix ed  r a d i o a c t i v i t y .
These r e s u l t s  were suggestive of  a re d u c t i v e  c a r b o x y l i c
ac id c y c l e .  However, the l a b e l l i n g  p a tte rn  from carbon
dioxide in photohe terotrophica  1 1 y grown c e l l s ,  was co n si st e nt
with the o p e ra t i o n  o f  a C a lv in  c y c l e .  In  con tra st  are the
r e s u l t s  of  Stokes and Hoare (1 9 6 9 ) ,  a ls o  for photoauto-
111
t r o p h i c a l l y  grown R. palust r i s . With both [ C ] - f o r m a t e  and
1 k[ C ] - b i c a r b o n a t e , phosphate e st er s  were the f i r s t  a s s i m i l a t i o n  
products and the key enzymes of  the C a l v i n  c y c le  were present 
in c e l l  - f re e  e x t r a c t s .  The d i f f e r e n t  r e s u l t s  obtained by 
Stokes and Hoare (1969) to those o f  Yoch and Lindstrom ( 1 9 6 7 ) ,  
may be due to  d i f fe re n c e s  in b a c t e r i a l  s t r a i n s ,  growth and 
experimental c o n d i t i o n s .
■JP"* '*'* *■- «fc *
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Rhodospi r i 11um rubrum has been the subject  of  several
i n v e s t i g a t i o n s  in to  the mechanism o f  carbon d i o x id e  f i x a t i o n .
1Glover  ^ t  aj^. ( 1 9 5 2 ) ,  f i r s t  reported that  [  C ] - b i c a r b o n a t e  
was i n i t i a l l y  a s s i m i l a t e d ,  by p h o to h e t e r o t ro p h i c a 1 1 y grown 
R. rubrum, into 3 - phosphog1 ycerate when incubated in the 
presence o f  hydrogen and carbon d io x id e  ( i . e .  a ut o tro p h i ca l  1 y ) . 
S i m i l a r  r e s u l t s  were obtained by Hoare (1963)  w i t h  R. rubrum 
grown on malate.  However, both o f  these s t u di es  used photo- 
h e t e r o t r o p h i c a l 1 y grown c e l l s  for  measuring carbon diox ide  
f i x a t i o n  a u t o t ro p h i c a l  1y. Anderson and F u l l e r  (1967a) using 
a u t o t r o p h i c a 1 1 y grown R. rub rum reported a neg at iv e  slope o f  
in co rp ora tio n  in to  phosphate e s te rs  w i t h ,  a f t e r  Is i nc u bat io n ,  
75% o f  the r a d i o a c t i v i t y  on the chromatogram in a 3 -phospho- 
g l y c e r a te .  T h i s  c l e a r l y  in d i c a te s  that  under photoautotrophic  
c o n d i t i o n s ,  the C a l v i n  c y c le  is the major a s s i m i l a t o r y  pathway 
for carbon. However, under p ho to he te ro tro p hi c  c ondit io ns 
f o l low i ng  growth on malate,  carbon d io x id e  f i x a t i o n  was o f  f a r  
less importance and Ca lv in  c y c le  a c t i v i t y  was ve ry  much reduced. 
(Anderson and F u l l e r ,  1967b).  G l y c o l l a t e  was the f i r s t  stable  
r a d i o a c t i v e  product  although the mechanism o f  i t s  l a b e l l i n g  
was not e lu c i d a t e d .  S l a t e r  and M o rr is  (1973a, b)  again using 
R. rubrum. found the C a lv in  cy c le  to be the major pathway of  
carbon dio xide  a s s i m i l a t i o n .  Growth c o n d i t i o n s  were also 
shown to prof oun dly  e f f e c t  the p at te rn  o f  uptake of  la b e l l e d  
carbon d io x id e .  S i m i l a r l y ,  l i g h t  i n t e n s i t y  was found by
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Porter and M e rre t t  (1972)  to e f f e c t  both RuBP carboxylase 
a c t i v i t y  and the uptake o f  carbon d i o x id e  in R. rubrum, 
with both parameters having higher a c t i v i t y  in c e l l s  grown 
at high l i g h t  i n t e n s i t y  (9000 lux )  as opposed to low l i g h t  
intensi  t y  (1500 l u x ) .
With most othe r  p h o tosy nthe t ic  p ro k a ryo te s ,  the Ca lvi n
1 Acycle  has been im pl ic at e d  where [  C ] - c a r b o n  diox ide  uptake 
experiments have been done. A u t o t r o p h i c a 11y grown Chromat i urn 
D a s s i m il a te d  carbon d i o x id e  p r i m a r i l y  i n t o  3-phosphog lycera te  
and a s p a r t a t e ,  i n d i c a t i n g  the a c t i v i t y  o f  RuBP carboxylase 
and -  ca rboxyl ases ( Ful 1 er et  ^ aj_. , 1961) . S i m i l a r l y ,  a l th oug h 
Pelroy and Bassham (1972)  c l e a r l y  demonstrated a c t i v i t y  o f  the 
Ca lv in  c y c le  in a number of  c y a n o b a c t e r i a ,  ca rb o x y la t i o n  o f  
phosphoenolpyruvate has a ls o  been shown to  account for a 
s i g n i f i c a n t  p ro p o rt i o n  o f  the total  carbon d io x id e  f ixed by 
Anac ys tis  n id u i a n s  (Jansz and Maclean, 1973) .  In the photo­
sy nth e t ic  h a l o p h i l e ,  Halobac teri  urn ha 1ob i urn, carbon diox ide  
is a s s i m i l a t e d  in to  a c id  st a ble  p ro d u c ts ,  i n d i c a t i v e  of  the 
Ca lv in  c y c le  (Danon and Caplan,  1977).
W it h in  the non- p h o to s y n th e t ic  b a c t e r i a ,  the C a lv in  c y c le
has been shown to be the major pathway o f  a u t o t ro p h i c  carbon 
diox ide f i x a t i o n  in species o f  the hydrogen b a c te r ia  (Bergmann
n i t r i f y i n g  b a ct e r ia  (Aleem,  1965).  The f a c u l t a t i v e  hydrogen
bacterium, Paracoccus den i t r if  icans con tai ns both RuBP
carboxylase and phosphoribu 1 okinase when grown a u t o t r o p h i c a 1 1 y
on methanol or hydrogen and carbon d io x id e  although these
enzymes are not d et e ct ab le  in c e l l s  grown h e t e r o t r o p h i c a 1 1 y
on acetate or glycol  late  (Kornberg et. a]_. , I960;  Cox and
Quayle,  1975). During growth of  Pseudomona s oxa 1 at i cus on
formate, carbon is  a s s i m i l a t e d  v i a  the Ca lv in  c y c le  (Qu ayl e,
1961; Di j  khu i zen e_t a_l_. , 1977) although RuBP carboxylase is
undetectable in e x t r a c t s  o f  h e t e r o tro p h i c a l  I y  grown c e l l s
(Quayle and Keech, I9 6 0 ) .  R e c e n t ly ,  the C a l v i n  cy c le  has
been implicated in the metabol i sm of  Desulf o v i b r i o  v u l g a r i s
with the f in d in g that cel I - f r e e  e x t r a c t s  show RuBP dependent 
1incorpo ration  of  [  C ] -c a r b o n  d io x id e  int o a c i d  stable products 
(A lva re z  and Barton,  1977) .
In co nclu sion ,  the C a l v i n  c y c le  is  the o n l y  proven 
indispe nsible  mechanism o f  a u t o t r o p h i c  carbon d i o x id e  f i x a t i o n .  
The s i t u a t i o n  during the h e t e r o t r o p h i c  growth o f  f a c u l t a t i v e  
autotrophs is  complex al th oug h there is  l i t t l e  doubt that 
carbon dioxide f i x a t i o n  under such c o n d i t i o n s  does not 
co n tr i b u te  g r e a t l y  to net carbon a s s i m i l a t i o n  and con sequently ,  
C^-carboxyl  at ion assumes r e l a t i v e l y  more importance.
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it. RIBULOSE 1 ,5-BISPHOSPHATE CARBOXYLASE 
a ) Int  roduct i on
The carboxyl a t ¡ o n  of  RuBP is a rea cti on  o f  c e nt ra l  Importance 
in the C a l v i n  c y c l e  for  carbon d io x id e  f i x a t i o n .  Because o f  
i t s  key r o l e  in t h i s  c y c le  and i t s  u b i q u i t y  amongst carbon 
dioxide f i x i n g  a u t o t ro p h s ,  the enzyme has been e x t e n s i v e l y  
studied for  t h r e e  decades.
E a r l y  s t u d i e s  were concerned w it h  hi g h e r  plant and algal  
RuBP carbox yla se  where the enzyme may account for up to  50% 
(w/w) o f  the t o t a l  so lu ble  p r o t e i n .  However, the d i v e r s i t y  
of  RuBP ca rb ox yla se  s t r u c t u r e  onl y  became apparent  w it h  
examination o f  the enzyme from p r o k a r y o t i c  sources where i t  
accounts for  a much smaller  p ro p o rt io n  o f  the so lu ble  p r o t e i n .
A d i v i s i o n  o f  RuBP carboxylases i n t o  th re e  cla sses on 
the bas is  o f  molecular  w e i g h t ,  has been proposed by Anderson 
et_ aj_. ( 1 9 6 8 ) .  These cl asses are small (mol .  wt . 8 0 - 1 2 0 , 0 0 0 ) ,  
intermediate (mol .  wt . 240-360,000)  and la rg e  (mol . w t . 
approximately 500,000)  and despi te  d i f f e r e n c e s  in molecular  
weight ,  enzymes from a l l  c l asses have the same c a t a l y t i c  
act i vi t y .
1969; Wat son and W a te rbu ry , 1971; Wullenweber et  al . ,
1977).  t h i o b a c i l l i  ( Sh 1 vel y e^ t a K  , 1970) and p o s s i b l y  in 
R. vann i e l i  i (RM5) (Fr an ce ,  1978). These s t r u c t u r e s  range 
in diameter from 90 to 500 nm and number up to 80 per c e l l .  
They were f i r s t  i s o la te d  by S h iv e ly  et a_K ( 1 9 7 3 a ) ,  from 
T h i o b a c i 11 us neopoli  tanus and shown to be surrounded by a 
monolayer envelope. RuBP carboxylase was al so  found to  be 
associated with these bodies and consequently the  name 
' carboxysomes1 was proposed. Fu rth er  studies i n d i c a t e d  
that these carboxysomes contained p a r a c r y s t a 1 I i n e  a r r a y s  
of  RuBP carboxylase ( Sh i ve 1 y et_ al_. , 1973b). W i th  the 
techniques developed by S h i v e l y ,  carboxysomes have since 
been cha ra ct e ris e d  from T h i o b a c i l l u s  intermedius ( P u r o h i t  
et a 1. , 1976) and Anabaena c y l i  ndr i ca ( Codd and Stewart  , 1976) 
although they have a lso  been found to be very  u n st a ble  in some 
organisms. Whether carboxysomes function in carbon d i o x id e  
f i x a t i o n  or are involved in enzyme storage ( S h i v e l y ,  197*0 
awaits answering and as o f  y e t ,  l i t t l e  evidence t o  suggest 
e i t h e r  role  has been accrued. However, in view o f  t h e i r  
widespread occurence amongst auto tro p hs ,  they may wel l  have 
s i g n i f i c a n t  ro le  in the re g ul a t io n  of  the C a l v i n  c y c l e .a
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b) Protein chemi s t r y
As indicated above,  three broad cl asses o f  RuBP carb ox yla se  
are recognised al though the enzyme from a l l  e u k a ry o t i c  
sources s t u d i e d ,  is o f  the la rg e  mole cula r  weight  c l a s s .
The protein can be d is s o c i a t e d  int o su bunit s  by treatment 
with sodium dodecyl sulphate (SDS) (R u tn e r  and Lane, 1967) 
or  urea (Sugiyama and Akazawa , 1970).  RuBP carb ox yla se  from 
a l l  e ukary oti c  organisms d i s s o c i a t e s  i n t o  two types o f  
subunit as reve aled by S D S - p o l y a c r y 1 amide gel e l e c t r o p h o r e s i s :  
large ( L )  p o ly p e p t i d e  subunits  (mol.  wt .  5 0- 5 8 ,0 0 0 )  and small 
(S )  po lypeptide subunits (mol.  w t . 1 1 - 1 8 , 0 0 0 ) .  I t  has been 
establ ished t h a t  equal numbers o f  these subu nits  are p re se nt ,  
such that the o v e r a l l  qu at ern ary  s t r u c t u r e  o f  the enzyme from 
green plants and u n i c e l l u l a r  algae (mol .  w t . a p p ro x im a te ly  
500- 550 , 000) c o n s i s t s  o f  e ig h t  larg e plus e ig h t  small subunits  
(LgS g) .  A l tho ug h there is  u n c e r t a i n t y  re g ar d in g the s p a t i a l  
arrangement o f  the su bu n it s ,  the work o f  Baker e£ a K  (1975,  
1977) with  o p t i c a l  d i f f r a c t i o n  and e l e c t r o n  micro sc opy ,  
suggests that  the la rge subunits  form a cube w i t h  the small 
subunits a t ta c h e d  to the o u t s id e  of  t h i s  cube.
Wi th in  the prokaryotes there is  both more d i v e r s i t y  and 
u nce rta in ty  as to  the s i z e  and s t r u c t u r e  o f  RuBP carboxylases .  
Table 1 c o n ta i n s  a co mp ila t io n  o f  known mole cula r  weights and 
quaternary s t r u c t u r e s  for  RuBP ca rb ox yla ses i s o l a t e d  from a l l
•* ■
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major c lasses o f  prokaryotes and eukaryotes.  Where 
c o n t ra d i c t o r y  r e s u l t s  have been publ is hed ,  a l l  sets  o f  
values have been given.
Enzymes from the c ya noba ct er ia ,  the hydrogen b a c t e r i a ,  
Chromat i urn D, £ .  h a l o p h i 1 a and c e r t a i n  thi  o b a c i 11i are of  
the la rge molecular  weight  c l a s s .  Those from
thi  osul phatophi 1 urn and _T. den i t r i f i cans are o f  intermediate 
size and that o f  R. rubrum is the only  known small molecular  
weight RuBP carboxylase.
Considerable doubt surrounds the nature o f  the enzyme 
in the Rhodopseudomonads. By d e n s i t y  gradient  c e n t r i f u g a t i o n  
of  impure RuBP carb ox yl as e,  Anderson e^ £]_. (1968)  reported 
sedimentation c o e f f i c i e n t s  for  the R. spheroi des and 
R. pa 1 u s t r i  s enzymes, r e l a t i v e  to the fl. rubrum enzyme, of  
1A.5S and 12S corresponding to approximate molecular  weights 
of  360,000. However, i t  has r e c e n t l y  been reported that 
app ar en tly  low sedimentation c o e f f i c i e n t s  are obtained for 
the RuBP carboxylases of  Pa racoccus den i t r i fi can s (Bowien,
1977) and A1cal i genes eutropha (Bowien and Mayer, 1978) , both 
of  which have high molecular  weigh ts of  a pp rox im at ely  550 , 000. 
Consequently,  the c o r r e l a t i o n  between r e l a t i v e  sedimentation 
c o e f f i c i e n t  and molecular  w e i g h t ,  used by Anderson et  ^ ajj. (1 9 6 8 ) ,  
may be i n v a l i d .  Akazawa et al_. (1970)  reported a molecular  
weight o f  the R. spheroi des RuBP carboxylase o f  21*0,000 using
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a gel f i l t r a t i o n  method. More re c e n t l y  however, Gibson 
and Tabita (1977a, b)  have indi cated  the presence o f  two 
forms of  RuBP ca rb o x yl a s e ,  both in R. spheroi des and in 
R. capsulata w i t h ,  from the former source,  molecular  weights 
of 550,000 and 360,000. These two forms o f  enzyme have 
quaternary s t ru c tu re s  o f  LgSg and Lg r e s p e c t i v e l y ,  and 
antiserum prepared a g a in s t  the Lg form d id  not c r o s s - r e a c t  
with the LgSg form.
RuBP carboxylases lac kin g small subunits have a lso  
been reported for Aqmenel 1 urn quadrupl i catum ( T a b i t a  et_ aj_. ,
1 97*0 and Anabaena cy 1 i ndr i ca ( Tab i ta et  ^ a_l_. , 1976).  However , 
the Lg quaternary  s t r u c t u r e  assigned to these enzymes has 
been questioned (Codd and S te wa rt ,  1977) f o l l o w i n g  work w i t h  
the Aphanocapsa RuBP carb ox yl as e.  I t  was found that  the 
small subunits were l o s t  from t h i s  enzyme on a c i d  p r e c i p i t a t i o n ,  
a p u r i f i c a t i o n  technique wid e ly  used by T a b i t a  and co-wor kers .  
Si m ila r  loss of  the small su bu n it s ,  has been repo rted  by 
McFadden and Tab ita  (197*0,  for the hal oph i 1 a RuBP carboxylase 
and by Sh iv e ly  (personal  communication) ,  for the enzyme from 
_T. neopol i tanus on ammonium sulphate treatment.
I t  is the re f ore  c l e a r  that the qu a ter nar y  s t r u c t u r e  o f  
many RuBP carboxylases is  unstable.  The widespread use of  
ammonium sulphate p r e c i p i t a t i o n ,  a c i d  p r e c i p i t a t i o n  and heat 
treatment for p u r i f i c a t i o n  o f  t h i s  enzyme p ro vi des  an
explanation for  the v a r i a b l e  r e s u l t s  that have been obta i ne d  
in connection w i t h  i t s  s t r u c t u r e .  The non c r o s s - r e a c t i o n  by 
antiserum between the Lg and LgSg forms o f  R. spheroides and 
R. capsulata enzymes (Gibson and T a b i t a ,  1977a, b) would be 
an expected r e s u l t  I f  the small subunits surround the l a r g e  
subunits in the LgSg form, and so mask the a n t i g e n i c  
determinants.  Indeed, as w i l l  be shown l a t e r ,  the amino a c i d  
composition of  larg e subunits from d i v e rs e  organisms is 
always ve ry  s i m i l a r  and i f  the large  subunits in the LgSg 
form were exposed, c r o s s - r e a c t  ion would almost c e r t a i n l y  
occur even i f  the Lg and LgSg forms represented two t o t a l l y  
separate enzymes. Confirmation o f  the ex is te nce  o f  two types 
o f  RuBP carboxylase in these organisms,  awaits  f u r t h e r  immuno­
lo gi ca l  a n a l y s i s  w i t h  ar . t isera d i r e c te d  a ga in s t  is o la t e d  
subun i t s .
The dimeric  enzyme o f  R. rubrum is  the smallest  form o f  
RuBP carboxylase ch a r a c t e r i s e d  to date. There is  however, 
p re l im i n a r y  evidence that the enzyme o f  Thiocapsa may be 
functional  in a monomeric form (McFadden, 1977).
In co n c lu s io n ,  although RuBP carboxylases from d i f f e r e n t  
sources may c l e a r l y  have ve ry  d i f f e r e n t  molecular  w e i g h t s ,  
the existence o f  L 2 » Lg and Lg qu at ern ary  s t r u c t u r e s  is  in
doubt.
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No complete amino a cid  sequences are a v a i l a b l e  for 
e i t h e r  la rge or  small subunits from any RuBP carbo x yl as e.  
Comparison o f  enzymes t h e r e f o r e ,  has to be based upon 
amino a cid  composit ion.  Using the s t a t i s t i c a l  method of  
Marchalonis and Weitman (1971) for such data,  i t  was found 
that the la rge subunit is s t r u c t u r a l l y  homologous among 
divergent  autotrophs ranging from photosyn the tic  bac te r ia  
to higher plants (McFadden, 1975; Takabe and Akazawa, 1975) 
i n d i c a t i n g  i t s  ge n e t i c  conservation during e v o l u t i o n .  In 
c o n t r a s t ,  the small subunit was found to be s t r u c t u r a l l y  
q u i t e  d i f f e r e n t  among div e rg e nt  autotrophs.  Indeed,  the 
RuBP carboxylase from f i v e  d i f f e r e n t  species o f  tobacco 
was shown to have small subunits with s i g n i f i c a n t l y  d i f f e r e n t  
amino a cid  composition (Kawashima et a ^ . , 1971; Kawashima 
and W i1dman, 1971).
Immunological s t u di e s  have also indicated the homologous 
nature o f  larg e s u bu n it s  from d i f f e r e n t  sources (McFadden, 
1973). Antiserum a g a i n s t  e ukary oti c  RuBP carboxylases was 
shown to c r o s s - r e a c t  w i t h  RuBP carboxylase from several 
cyanobacteria (Lord  et  ^ a K  , 1975; Takabe et  ^ , 1976).
The small subunit  however,  w i l l  ge n e ra l ly  o n ly  c r o s s - r e a c t  
w ith  antiserum raised against  i t s e l f  (Gray and Kekwick, 197^; 
Takabe and Akazawa, 1975) . Of in te re st  was the f in d in g  that  
antiserum to the R. rubrum RuBP carboxylase would not c r o s s -
react with  RuBP carboxylase from any o f  a number of  sources 
tested ( T a b i t a  and McFadden, 197^ b ) .  Whether t h i s  is  due to 
a nt i g e ni c  s i t e s  on the la rg e  subunits of  o th e r  carboxylases 
being masked by the small subu nits  or  to the j*. rubrum enzyme 
being o nly  d i s t a n t l y  r e l a t e d  to othe r  RuBP ca rb ox yl as es ,  
awaits c l a r i f i c a t i o n .
When examined by i s o e l e c t r i c  foc us s in g ,  the subunits 
of  RuBP carboxylase were found to be heterogeneous (Kung 
et a 1 . ,  197*0. The la rg e  subunit appears to have three 
v a r i a n t s  w h i l s t  the small subunit has any number from one 
to four.  He te ro g e n e it y  has a ls o  been observed for  the large  
subunit o f  the  A.  eut ropha RuBP carboxylase (P u r o h i t  and 
McFadden, 1976, 1977). In t h i s  ins tan ce,  the v a r i a n t s  have 
d i f f e r e n t  mole cula r  w ei gh ts ( 52 , 000; 56 , 000) and could be
separated by SD S-p oly a cry la m id e  gel e l e c t r o p h o r e s i s  (PAGE) 
using a low p r o t e i n  load per g e l .  Whether these v a r i a n t s  
are products o f  d i f f e r e n t  genes or a r i s e  as a r e s u l t  o f  
m odif ica t io n  o f  a s i n g l e  gene product is unci ear .
react w it h  RuBP carboxylase from any o f  a number of  sources 
tested ( T a b i t a  and McFadden, 197^+b) .  Whether t h i s  is  due to 
a n t i g e n i c  s i t e s  on the la rg e  subunits o f  o t h e r  carboxylases 
being masked by the small subunits or  to the R. rubrum enzyme 
being o n ly  d i s t a n t l y  re la t e d  to other  RuBP ca rb ox yl as es ,  
awaits  c l a r i f i c a t i o n .
When examined by i s o e l e c t r i c  fo cu ss in g ,  the subunits 
o f  RuBP carboxylase were found to be heterogeneous (Kung 
et al . , 197M-  The larg e subunit appears to  have three 
v a r i a n t s  w h i l s t  the small subunit  has any number from one 
to four . Het e ro g en e ity  has al so  been observed for the large 
subunit o f  the A.  eut ropha RuBP carboxylase ( P u r o h it  and 
McFadden, 1976, 1977). In t h i s  instance,  t h e  va r i a n t s  have 
d i f f e r e n t  molecular  weights ( 52 , 000; 56 , 000) and could be
separated by S D S - p o l y a c ry 1 amide gel e l e c t r o p h o r e s i s  (PAGE) 
using a low p ro te in  load per g e l .  Whether these va r i a n t s  
are products o f  d i f f e r e n t  genes or  a r i s e  as a re s ul t  o f  
m o d if ic a t io n  o f  a s i n g l e  gene product is unci ear.
c) C a t a l y t  i c act  i v i ty
RuBP carboxylase ( 3 -phospho-D-gl  yc er ate  carboxylase 
[ d i m e r i z i n g }  , EC 4 . 1 . 1 . 3 9 )  has two enzyme a c t i v i t i e s  
associated w i t h  i t .  In a d d i t i o n  to  c a t a l y s i n g  ca rb o x y la t  ion 
o f  RuBP to produce two molecules o f  3 -p ho sp ho g lyc er a te  
( re a c t io n  8 ) ,  t h i s  enzyme al so  c a t a ly s e s  the oxygenation 
of  RuBP to produce a molecule each of  3 -p ho sp ho g ly ce ra te  
and 2-phosphogl ycol 1 ate  ( r e a c t i o n  9 ) ( Bowes et a_[. , 19 7 1 ) .
( 8 )
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T hi s  oxygenase a c t i v i t y  has been found to be associated 
with a l l  RuBP carboxylases i n v e s t i g a t e d  to date (see Table 1).  
Recently ,  Branden (1978) working w i t h  pars le y RuBP carboxylase 
has reported that  the carboxylase and oxygenase a c t i v i t i e s  
are in fact  d i f f e r e n t  enzymes, separable at high pH.
Whether t h i s  work can be s u bs ta ntia te d  req u ir es  f u r th e r  
i nvest i ga t i o n .
The esse ntia l  me chanist ic  d e t a i l s  o f  the r e a ct io n  were 
worked out by Rose and h is  col leagues  ( F i e d l e r  e_t aj_. , 1967; 
Mul lhofer  and Rose, 1965).  Carbon d i o x id e  or  oxygen a dd i t i o n  
occurs at C-2 of  RuBP, t h i s  being f a c i l i t a t e d  by p r i o r  
formation o f  a 2 ,3 - e n e d i o l  inte rmediate ( F i g .  3 ) .  Although 
there is evidence to suggest that  b ic ar bon ate  (HCO^")  is the 
species o f  carbon d i o x id e  taken up by whole c e l l s  o f  R. rubrum 
( C h r i s t e l l e r  and L a i n g ,  1978) , Cooper e_t a K  (1969) have 
shown that  CO2 is the a c t i v e  species in the RuBP carboxylase 
reacti on .  The carboxylase a c t i v i t y  provides the carbon 
f i x i n g  step in the C a l v i n  c y c l e .  The r o l e  and importance o f  
the oxygenase a c t i v i t y  has however been more open to question.  
I t  has been im pli cated  in plant p h o t o re s p i r a t i o n  (Lorimer  
et , 1973) i n v o l v i n g  g l y c o l l a t e  formation and metabolism 
and as such, may be an important f a c t o r  in determining crop 
y i e l d s .  T h i s  has been e x t e n s i v e l y  discussed by Z e l i t c h  
(1973, 1975) .  S i m i l a r l y ,  g l y c o l l a t e  excreted by R. rubrum
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Figure 3 Proposed mechanism of cleavage of RuBP by RuBP carboxylase-
oxygenase
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is  considered to a r i s e  as a r e s u l t  o f  RuBP oxygenase a c t i v i t y  
(Codd and Smith,  1974) .  Because o f  the involvement o f  an 
oxygen s e n s i t i v e ,  e n o la te  anion form o f  RuBP in the carboxy­
l a t i o n  r e a c t i o n ,  the pro duction of  phosphog lyc ol 1 a te  appears 
to  be an unavoidable consequence o f  t h i s  enzyme o p er at in g 
in an a er o bi c  environment (L orim er  and Andrews, 1973).
A major lon gs ta ndi ng problem o f  a l l  RuBP carboxylases 
has concerned the k i n e t i c  response to s u bs tra te s .  S p e c i f i c a l l y ,  
the  apparent Michael i s  constant  of  the carboxylase for  carbon 
dio x id e  (l<m(C02 ) )  j_n v i t r o  was considered too high to  account 
f or  the observed _i_n v i vc rates o f  carbon dio x id e  f i x a t i o n .
The concentrat io n o f  CC^ in a i r  e q u i l i b r a t e d  aqueous s o l u t i o n s  
i s  10 aM at  25°C, corres po ndi ng to 0 .6  mM bic arbonate and 
the in v i t r o  K (C0 o ) was more than a magnitude g re a t e r  than 
t h i s .  Decreased Km( C 0 2 ) values were obtai ned  by assaying the 
enzyme at hiqh magnesium (Mg2+ ; 20-45 mM) co nce ntra t i ons
(Bassham et a|_. , 1968) but these were s t i l l  too high for 
i n v i vo a c t i v i t y .  Furthermore,  the o rd e r  o f  a d d i t i o n  of  
reagents to the RuBP carboxylase assay a f f e c t s  the time course 
o f  the subsequent r e a c t i o n  and for  maximal a c t i v i t y ,  enzyme 
must be incubated w i t h  Mg2+ and C02 p r i o r  to i n i t i a t i o n  o f  the 
rea ct io n  w i t h  RuBP (Kuehn and McFadden, 1969; T a b i t a  and 
McFadden, 1974a; Lo rim e r  et a_K , 1976).
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Reports o f  a form of  carboxylase with  a s u f f i c i e n t l y
low K (C0o) to account for  rat es  o f  carbon d i o x i d e  f i x a t i o n  m L
in plants (Bahr  and Jensen, 1974; Badger and Andrews, 1974) 
were shown to be due to an induced a c t i v a t i o n  o f  the enzyme 
by a p p ro p ri a te  physical  c o n d i t i o n s  and co nce ntra t i ons  of  
C02 and Mg2+ (La in g et aj_. , 1975; Andrews e_t aj_. , 1975; 
Lorimer et_ a_l_. , 1977).  The carboxylase is a c t i v a t e d  and 
s t a b i l i z e d  in an a c t i v e  form by pre in cu ba tio n  w it h  Mg2 + and 
C02. During p re in c u b a t io n ,  the enzyme reacts w it h  C02 
( r a t h e r  than HCO^' )  and Mg2 + in a r e v e r s i b l e  rea cti on  to 
give an a c t i v e  e q u i l i b r i u m  complex o f  enzyme-C02-Mg2+. The 
a c t i v i t y  o f  t h i s  complex is dependent upon c once nt rat io ns  o f  
C02 and Mg2 + and upon the pre in cu ba tio n  pH (Lorim er  e£ a 1. , 
1976). Whether the C02 molecule that  ente rs  int o complex 
formation is  the same C02 molecule that carb ox yl at e s RuBP, 
is unknown. The presence o f  RuBP during preincubat ion  appears 
to force the enzyme into a form that  is  less c a t a 1 y t i c a 1 1 y 
a c t i v e .  A s i m i l a r  a c t i v a t i o n  o f  the enzyme is required f o r  
RuBP oxygenase a c t i v i t y  (Badger and Lo rim er,  1976). F a i l u r e  
to f u l l y  a c t i v a t e  the enzyme appears to be the p r i n c i p a l  
cause o f  the wide v a r i a t i o n  in reported values for Km(C02 ) .
RuBP carboxylase a c t i v i t y  is  h i g h l y  dependent upon 
added Mq2+ (Kawashima and Wildman, 1970). Other  d iv a l e n t
-  k 2  -
w it h  the plant  enzyme, but  the e f f i c a c y  depends upon the 
age and p u r i t y  o f  the enzyme pre pa ra tio n .  The enzyme o f  
R. rubrum is s p e c i f i c  f or  Mg ( T a b i t a  and McFadden, 1 9 7 ^ ) .
A number of  compounds have been reported to in f lu e n c e  
the a c t i v i t y  of  RuBP c a rb o x y la s e ,  the'most important  of  
which is 6-phosphogluconate ( 6PG) (Chu and Bassham, 1972,
1973; T a b it a  and McFadden, 1972).  I n h i b i t i o n  of  a c t i v i t y  
can be caused by 6PG w i t h  a Ki o f  about 0.1 mM ( T a b i t a  and 
McFadden, 1972). I t  i s  o n l y  the la rge mo le cu la r  weight  
c l a s s  o f  RuBP carbo xylases that are i n h i b i t e d  w i t h  the 
enzymes o f  R. rubrum ( T a b i t a  and McFadden, 1 9 7 ^ ) ,
C . thiosul  pha tophi 1 urn ( T a b i t a  e_ta_l_., 1 97*0 , X* den i t r  i f  i cans 
(McFadden and Denend, 1972) and the low mo le cu la r  weight  form 
from R. spheroides (Gibson and T a b i t a ,  1977a),  being unaff ected .  
However, Chu and Bassham (1973) found w it h  the  spinach enzyme 
that 6PG could a ls o  a c t i v a t e  the carboxylase i f  i t  was added 
p r i o r  to the a d d i t i o n  o f  RuBP during p r e i n c u b a t i o n .  T h i s  
they i n t e rp r e t e d  as 6PG p re ve n t i ng  the i n h i b i t o r y  b in d in g  of  
RuBP to a l l o s t e r i c  s i t e s  on the enzyme. When added a f t e r  
RuBP, 6PG i n h i b i t s  by competing for the c a t a 1y t i c a 11y a c t i v e  
s i t e s .  T h i s  then suggests a complex r e g u l a t o r y  mechanism 
for  RuBP carboxylase.  The i n s e n s i t i v i t y  o f  n o n - h i g h  molecular  
enzymes may c o r r e l a t e  w i t h  the absence o f  small subunits  and 
a ls o  suggests a d i f f e r e n t  c a t a l y t i c  s i t e  topography to that 
o f  the la rg e  carbo xylas es .
*
Other  a f f e c t o r s  o f  RuBP c a rb o x y l a s e  have been reviewed
by McFadden (1973) .  The inf lue nce o f  adenine n u c le o t id e s  
upon a c t i v i t y  o f  the T .  novel 1 us enzyme (McCarthy and 
Charles, 1973) requires f u r t h e r  i n v e s t i g a t i o n ,  p a r t i c u l a r l y  
in view o f  t h e i r  no n-e f f e ct  on the Ps. fa c i 1i s RuBP carbox yla se  
(McFadden and T a b i t a ,  197*0
The presence o f  enzymes lacking small subunits  i n d i c a t e s  
that the c a t a l y t i c  s i t e s  o f  RuBP carboxylase r es id e  on the 
large s u bu nit s.  T h i s  was a ls o  suggested by the f i n d i n g  o f  
a c t i v i t y  w i t h  the Ch romati urn D enzyme on removal o f  small 
subunits (Takabe and Akazawa, 1973). The i s o l a t e d  larg e 
subunits o f  the Chromat i urn enzyme a ls o  had RuBP-oxygenase 
a c t i v i t y .  With spinach,  a nt ibo dy  to the la rg e  subunit w i l l  
i n h i b i t  both oxygenase and carboxylase a c t i v i t y  w h i l s t  a n t i ­
body to the small subunit w i l l  i n h i b i t  n e i t h e r  (Nishimura and 
Akazawa, 197*0- What t h e r e f o r e ,  is  the f un ct io n  o f  the small 
subun i t s ?
Nishimura and Akazawa (1973) found that  la rg e  subunit 
ol igomers o f  spinach RuBP carbo x yl as e,  although able to 
function as a carboxylase,  had an a l t e r e d  pH optimum which 
was no longe r  Mg2 + dependent. A n ti b o di e s  to the small subunit 
also prevented Mg2+ dependent changes in pH optimum (Nishimura 
and Akazawa, 197^+). A s i m i l a r  e f f e c t  was rep ort ed  by Takabe 
and Akazawa (1973) for  the Chromat i urn D RuBP carbox ylas e.
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The work o f  Chu and Bassham (1973)  p r e v i o u s l y  d is cu ss e d ,  
suggests the existence o f  r e g u l a t o r y  s i t e s  on the enzyme 
and conse que ntly ,  the r o l e  o f  the small subu nits  would seem 
to be in the r e g u la t io n  o f  enzyme a c t i v i t y .  I t  has al so  
been suggested that the small subunit is  involv ed in the 
control  o f  synt hesis  o f  the la rg e  subunit ( E l l i s ,  1975). 
Further  work is  requ ire d to  e l u c i d a t e  the natu re o f  the 
small subunit mediated, r e g u l a t i o n .  A comparative examination 
of  the r e g u l a t o r y  p ro p e r t i e s  o f  RuBP carboxylases w i t h  and 
without  small su bu n it s ,  may be w orth wh ile .
5. REGULATION OF THE CALVIN CYCLE
The r e g u la t io n  o f  the C a l v i n  c y c le  -would be expected to be 
of  prime importance both in high er  p la nts  and a lg a e  during 
l i g h t  dark t r a n s i t i o n s ,  i n v o l v i n g  the t u r n i n g  on and o f f  of  
photosynthesis  and in the many b a c t e r ia  which e x h i b i t  he te ro -  
t r o p h i c  and a u t o t r o p h i c  metabol ism. Regu lat io n should also 
be evident  due to the 'commonality '  o f  many inte rm e dia te  
compounds o f  the cycl e which may enter  oth e r  m e tab ol ic  path­
ways. Three enzymes f u n c t io n  uniq uely  in the C a l v i n  c y c l e ;  
RuBP ca rb o x yl a s e ,  phosphoribulokinase and f ru ct ose / se do-  
heptulose bisphosphate phosphatase. The re a c t io n s  these
“=• -  f
enzymes c a ta ly s e  are accompanied by large neg ati ve  changes 
in f re e - e n e rg y ,  synonomous with s i t e s  of me tabol ic  r e g u la t io n  
(A tk in so n ,  1966) ,  the r o le  of these enzymes in the re g u l a t i o n  
of  plant photosynthesis  has been discussed by Walker (1 9 7 6 ) .
I n h i b i t i o n  by adenine monophosphate (AMP) o f  r ibose 
5-phosphate (R5P)  : ATP dependent carbon d i o x id e  f i x a t i o n  
has been observed in c e l l - f r e e  e x t r a c t s  of  Chromat i urn D 
(Johnson,  1966) ,  R. spheroi des ( R i n d t  and Ohmann, 1969) and 
T h i o b a c i l l u s  thi opa ru s (Johnson and Peck, 1965) ,  t h i s  
probably being due to i n h i b i t i o n  o f  phosphor ibu lokinas e.
Reports have a l s o  indicated that g-NADH may be a p o s i t i v e  
e f f e c t o r  o f  phosphor ibul ok ioa.se.. in N ■ <- robact ° r ' rvoq re dsky i 
(K i ewsow e^ a^ .  , 1977),  R. spheroi des (Rindt  and Ohmann , 1969),  
P s . f a c i 1 i s ( MacEl roy et aj_. , 1 969) , R. rub rum ( J o i n t  e£ aj_. , 
1972) and £ s .  oxa 1 at i cus (Knight e_t a J .  , 1978).  The degree 
of  AMP i n h i b i t i o n  in R. spheroi des depends upon the 
con centrat ion o f  0 -NADH and Rindt and Ohmann (1969)  have 
proposed that these e f f e c t s  provi de  a fine con tro l  by which 
the energy consuming C a lv in  cycle  i s  only al lowed to function  
i f  s u f f i c i e n t  energy is a v a i l a b l e .
The importance of  6-phosphogluconate (6PG) as a 
modulator o f  RuBP carboxylase has a lr e a d y been in d i c a te d .
6PG is an important intermediate in both the o x i d a t i v e  
pentose phosphate pathway and in t h e  Entne r-D oud or off  pathway.
The level  of  6PG in the ce l l  may r e f l e c t  the f uncti on  of  
these two pathways and so provide a control  mechanism 
between o x i d a t i v e  h e te r o t ro p h i c  metabolism and the re d u c t i v e  
Calvin c y c le .
There have been a number o f  studies i n t o  the co ntro l  
of  sy nthesis  o f  Ca lv in  cy c le  enzymes p a r t i c u l a r l y  dur ing  
t r a n s i t i o n s  from h e te r o t ro p h i c  to a u t o t ro p h i c  metabolism.
Many enzymes o f  the C a l v i n  cy cl e  are present  in c e l l - f r e e  
e x t r a c t s  at  higher  s p e c i f i c  a c t i v i t y  a f t e r  a u t o t r o p h i c  
growth than a f t e r  h e t e r o t ro p h i c  growth ( L a s c e l l e s ,  I960; 
Anderson and F u l l e r ,  1967c; T a b i t a  and McFadden, .
S la t e r  and M o rr is  (1973a) have i n v e s t i g a t e d  how rat e s of  
carbon dio x id e  f i x a t i o n  and RuBP carboxylase a c t i v i t y  are 
regulated in Jjl. rubrum during a u t o t r o p h i c  and h e t e r o t ro p h i c  
growth in batch and continuous c u l t u r e .  They recognise 
three c o n d it io n s :  ( i )  during a u t o t r o p h i c  growth high l e v e l s  
of  RuBP carboxylase a re  p a r a l l e l e d  by high rates o f  carbon 
diox ide  f i x a t i o n ;  ( i i )  during rap id  growth in batch 
c u l tu re  and in t u r b i d o s t a t  continuous c u l t u r e  w ith  malate 
as carbon source,  a lower level  o f  RuBP carboxylase is 
p a r a l l e l e d  by a lower rate of  carbon d i o x id e  f i x a t i o n ;
( i i i )  during malate l i m i t e d  growth in a chemostat r e l a t i v e l y  
high rates of  carbon d io x id e  f i x a t i o n  are accompanied by 
r e l a t i v e l y  low le v e ls  o f  RuBP carbox ylas e.  They a l s o  found
that malate s t a r v a t i o n  o f  a h e t e ro tro p h i c a l  1 y grown c u l t u r e ,  
resulted in high rate s of  carbon d i o x id e  f i x a t i o n .  They 
suggest that durin g h e te r o t ro p h i c  growth,  control  o f  carbon 
dioxide f i x a t i o n  r e s u l t s  from an in t e rn a l  level  of  malate 
or a metabol i te  der iv e d  from malate,  e f f e c t i n g  repression and 
i n h i b i t i o n  o f  C a lv in  c y c le  enzymes. During chemostat growth 
the low le vel  of  growth l i m i t i n g  substra te  al l ows r e l i e f  of  
i n h i b i t i o n  of  carbon dio x id e  f i x a t i o n  but is  not low enough 
to al l ow for  complete dre re p re ssio n  o f  enzyme synthesis.
Ps. oxalat  i cus can grow on formate or  oxalate as sole 
sources o f  carbon and energy,  in both cases energy being 
derived from formate o x i d a t i o n ,  ox a la te  being converted to 
formate through co-enzyme A t h i o e s t e r s .  However, oxalate 
carbon is  a s s i m i l a t e d  h e t e r o tro p h i c a l  1 y w h i l s t  formate carbon 
is a s s i m ila ted  a u t o t r o p h i c a 11y by a C a lv in  cy cl e  (Quayle,
1961; D i jk h u i z e n  et_ a_l_. , 1977). Blackmore and Quayle (1968)  
inve st ig a te d  how enzyme l e v e ls  were a ffe ct e d  by growth on 
mixed carbon su bs tra te s .  In the presence of  formate plus 
's low'  growth s u bs tra te s ( those which supported a slower 
growth rate  than f o rm a te ) ,  Ca lv in  c y c le  enzymes were sy nth e si se d ,  
t h i s  response suggesting that formate ( o r  d e r i v a t i v e )  was an 
inducer o f  these enzymes. During growth on formate plus a 
' f a s t '  growth subs tra te  ( s u c c i n a t e ,  c i t r a t e ,  l a c t a t e ) ,  s y n t h e s i s  
of  Ca lv in  cy c le  enzymes was repressed.
These r e s u l t s  were confirmed and extended by the 
studies of  Ha rder and h i s  col leagues ( Dij  khui zen jet ,
1978; Kn i ght _et aj_. , 1978) using subs tra te  t r a n s i t i o n  
experiments and i n v e s t i g a t i o n  o f  changes in pool s i z e s .
T h e i r  work suggests that sy nth es is  o f  C a lv in  c y c le  enzymes 
involv es der ep re s sion/re p re s sion  r a t h e r  than an induction 
modulated by metabol i te  r e p re ss io n  mechanism. T h i s  they 
suggest may be a common mechanism f or  the many b a ct e r ia  
able to  use both a u t o t r o p h i c  and h e t e r o t r o p h i c  modes of  
metabolism and is  c o n s i s t e n t  w it h  the r e s u l t s  of  S l a t e r  and 
Mo rr is  (1973a).  Further  evidence f or  depres sion/r e^r ession  
a r i s e s  from the f in d in g t h a t  RuBP carboxylase is synthesised 
in Ps. oxalat  icus during o x a l a t e  l i m i t e d  growth in a chemostat 
at ve ry  low d i l u t i o n  r a t e s  ( 0.02 h" 1 and l e s s ) ,  in the absence 
o f  formate o r  other  p o s s i b le  inducer  (Knight  et  aj_. , 1978). 
Matin et (1976)  have i n d i c a te d  the apparent release of
metabol ic  repression at low growth rates and t h i s  may be a 
general phenomenon.
6. THE METABOLISM OF GLYCOLLATE
The production o f  2 - p h o s p h o g ly c o l1 ate and thence gl yc ol  l a t e  
in autotrophs as a r e s u l t  o f  RuBP oxygenase a c t i v i t y  has 
al re ad y been i n d i c a t e d .  Two othe r  p o s s i b le  paths o f  
g l y c o l l a t e  sy nth e si s  have received a t t e n t i o n  in recent 
years:  ( i )  the re d u c t i v e  condensation o f  two molecules
o f  CO2 and ( i i )  the o x id a t i o n  o f  the two-carbon frgament of  
d ih y d ro x y e th y l th i a m i n e  pyrophosphate, i nvolve d in the 
t ran sk e to la s e  re a c t io n  o f  the C a lv in  c y c l e  ( Z e l i t c h ,  1975).
No subst ant ia l  r o l e  however, has been a s cr ib e d  to e i t h e r  
o f  these mechanisms.
Phosphoglycol1 ate metabolism has been well  studied in 
higher pl ant s and alga e although less work has been done w it h  
p r o k a r y o t i c  systems. Phos phog lyc ol1 a te  is dephosphory1ated 
by a s p e c i f i c  phosphatase (Anderson and T o l b e r t ,  1966). Two 
major pathways o f  g l y c o l l a t e  metabolism have been e lu c i d a t e d .  
In pl ant s and green a lg a e ,  g l y c o l l a t e  is o x i d i s e d  to 
g l y o x y l a t e  and then metabolised via g l y c i n e ,  s e r i n e ,  hydr oxy -  
pyruvate and g l y c e r a t e  in turn ( T o l b e r t ,  1971) .  A second 
route found in the cyanobacterium, Anabaena c y 1 i ndr i ca 
(Codd and Ste war t ,  1973) in v o lv e s  metabolism v i a  g l y o x y l a t e ,  
t a r t r o n i c  semialdehyde and g l y c e r a t e .  T h i s  is a ls o  the 
pathway used by a Pseudomonas sp. d u r in g  growth on g l y c o l l a t e
(Kornberg and G o t t o ,  1961) .  Both o f  these pathways incur
loss of  carbon dio xide .  Pa. den i t r i fi  cans grows on gl yc ol  l a te  
and g l y o x y l a t e  by a @-h yd ro x ya sp a rta te  pathway i n v o l v i n g  
condensation o f  g l y o x y l a t e  and g l y c i n e  to give  ( i - h y d r o x y ­
aspartate a vo id in g  t h i s  loss o f  carbon d io x id e  (Kornb erg  
and M o r r i s ,  1965) . In a fo u rth  pathway, also found in Anab. 
c y l i n d r i c a  g l y o x y l a t e  may be converted d i r e c t l y  to  malate by 
the a ct io n  of  malate synthase. These pathways are summarized 
in Figure *+.
The e xc re t i o n  of  g ly co l  l a t e  has been reported for  a 
number of  prokaryotes i n c l u d i n g  FI. rubrum. Anab. c y l  i ndr i ca 
(Codd and Smith,  197*+) and Chromat i urn (Lorimer  e_t aj_. , 1978).  
Reasons for  t h i s  e xc re ti on  are unclear as is  the answer to the 
question of  whether excreted g l y c o l  late  can be reabsorbed and 
used as a carbon source ( S t a n i e r  and C o h e n -B a z i re , 1977).
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2H H  2hH
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H y d ro x y -  f ^ N A D  
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Fig. k Pathways  o f  g l y c o l l a t e  metabo l i sm
7 . PATHWAYS FOR ASSIMILATION OF REDUCED ONE-CARBON COMPOUNDS
Two pathways for the a s s i m i l a t i o n  o f  reduced Cj compounds are 
recognised at  present. They are the r i b u l o s e  monophosphate 
(RMF) cycle and the se rin e pathway, both o f  which a re  i nvolve d 
in the a s s i m i l a t i o n  of. formaldehyde in type I and type I I  
methylotrophs r e s p e c t i v e l y .  There have been several  reviews 
concerning these pathways and t h e i r  e l u c i d a t i o n  ( Q u a y le ,  1 9 7 2 ; 
Anthony, 1975) and consequently o n l y  a b r i e f  d e s c r i p t i o n  w i l l  
be presented here.
a ) Ribulose monophosphate cycl e
Work leading to the e l u c i d a t i o n  o f  t h i s  c y c l e  was l a r g e l y  
done with o b l i g a t e  methane and methanol u t i l i s i n g  b a c t e r i a .
In  a l l  v a r i a t i o n s  o f  t h i s  c y c l e ,  two rea cti ons remain unique; 
the condensation of  formaldehyde w it h  r i b u lo s e  5-phosphate 
(Ru5P) ,  catalysed by hexulose phosphate synthase,  and the 
isomerisation of  the product  of  t h i s  reaction D - a r a b i n o - 3 -  
he xulose-6-phosphate,  to  y i e l d  f ructo se  6-phosphate catal ys ed 
by hexulose phosphate isomerase. The cleavage of  fructose  
6-phosphate to tr iose phosphate may occur e i t h e r  by FBP 
a ldo la s e ,  as in g l y c o l y s i s  or by 2 - k e t o - 3 - d e o x y - 6-phospho-  
gluconate (KDPG) a ldo la se  as in the E ntn e r- D oud oroff  pathway 
( F ' g -  5) .  Enzymes needed for cleavage by e i t h e r  routes are 
present in the methane o x i d i s e r s  M. capsulatus and M. methan i ca
53
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F i g .  7 Ribulose monophosphate cy cl e
( a f t e r  Quayle and F e r e n c i , 1978)
Scheme involves t r a n s a ld o la s e  but not 
SBP phosphatase.
(Strom et_ aj  . , 197*0- V a r i a t i o n s  also occur in the mode o f  
regeneration o f  Ru5P depending upon the presence or absence 
o f  tr a n sa ldo la se  and sedoheptulose 1 ,7 - bisphosphate (SBP) 
phosphatase. The two o v e r a l l  schemes of  the RMP cy cl e  a re  
shown in Figures 6 and 7. The methane o x i d i s e r s  M. methan i ca 
and M. c a p s u l a t u s , probably  use the scheme shown in F i g u re  7 
as these organisms con tain t ra n s a ldo la s e  but not SBP phos­
phatase (Strom et aj_. , 197*0-
Mention should a ls o  be made o f  a dissimi  1a t o r y  c y c l e  o f  
formaldehyde o x id a t i o n  which may be involved in the gener ati on  
o f  reducing power. In a d d i t i o n  to enzymes o f  the RMP c y c l e ,
6PG dehydrogenase is requ ired for  t h i s  dissimi  1a to r y  c y c l e ,  
t h i s  enzyme being present in both M. methan i ca and M. capsulatus 
(Strom et aj_. , 197*0. Whether the c y c le  as shown in F i g u re  8, 
a c t u a l l y  f u nct io ns in v i v o , is  uncle ar .
HC HO
GMP
FT g . 8 Dissirri i1a t o r y  cy c le  o f  formaldehyde ox i
b) Serine pathway
The nature of  the se rin e pathway was l a r g e l y  worked out 
with f a c u l t a t i v e  methanol u t i l i s e r s .  In t h i s  pathway, 
part o f  the c e l l  carbon a r i s e s  from carbon d io x id e  by 
a c t i v i t y  o f  phosphoenol pyruvate (PEP)  carboxylase and the 
rest from a c t i v i t y  o f  se rin e tr anshydroxymethy1ase which 
ca ta ly s es  serine s y nth es is  from g l y c i n e  and the Cj c a r r i e r ,  
^ -m e t h y l e n e t e t r a h y d r o f o l a t e .  G lyc in e  is  regenerated by 
a c y c l i c  se r ie s  o f  rea cti ons and v a r i a t i o n  occurs in the 
method o f  regeneration due to the presence or  absence o f  
i s o c i t r a t e  lyase ( i c l ) .
The essenti al  rea ct io ns are shown in Figu re  9. The 
f in al  part  o f  the pathway is the conversion o f  a c e ty l  CoA 
to the and skeletons needed for  b i o s y n th e s i s  o f  c e l l u l a r  
m a t e r i a l .  Although these inte rmediates a re  a v a i l a b l e  from 
the c y c l e  i t s e l f ,  a ce tyl  CoA needs to be converted to 
g l y o x y l a t e  to re p le n i s h  the c y c l e .  Where i s o c i t r a t e  lyase 
is  present ( i c l + ) ,  acety l  CoA is f u r t h e r  metabol ised by 
g l y o x y l a t e  c y c le  enzymes. However, because malate synthase 
would counteract  the serine pathway enzyme, malyl CoA l y a s e ,  
Harder et aj_. (1973)  have suggested the pathway shown in 
Figure 10, for  growth o f  Hyphomi crobi  urn X on methanol.
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Where i s o c i t r a t e  lyase is  absent ( i c l " ) f such as in 
Pseudomonas A M I , the s i t u a t i o n  is  less well  understood and 
the method o f  conversion o f  acety l  CoA to g l y o x y l a t e  unknown. 
However, malate synthase appears to be i nv olv ed  and gly col  l a te  
may be an intermediate (Anthony,  1975).
c )  Carbon diox ide  f i x a t i o n  by methylotrophs
The involvement of  PEP carboxylase in the s e r in e  pathway 
was f i r s t  recognised by Large e_t a_l_. (1961)  working w ith
lit
Ps AMI and Hyphomi crobi  urn v u 1q a re . [ C ] - b i c a r b o n a t e  was 
i n i t i a l l y  incorporated into acids and g l y c i n e .  However,
[  1i+C ] -f o rm a te  (which is  a s s i m il a t e d  as COj by many organisms)  
was i n i t i a l l y  incorporated int o  phosphory1ated compounds 
which suggests that t h i s  compound is not t o t a l l y  o x id is ed  
to carbon d io x id e .
In M. methan i c a . which has an RMP c y c l e  for carbon 
a s s i m i l a t i o n ,  Johnson and Quayle (1965)  found l i t t l e  
a s s i m i l a t i o n  o f  [ - b i c a r b o n a t e , w i t h  a sp a rta te  and malate 
being the major ,  e a r l y  la b e l l e d  int ermediates.  Very l i t t l e  
i nco rp ora t io n  was a ls o  reported from £ f or mat e (Kemp and 
Quayle,  1967).
1 ¿1 1 / l
The inco rp ora tio n of  [ C ] - b i c a r b o n a t e  and [  C ] - f o r m a t e  
by M. capsulatus has been examined by Eccleston and K e l l y  
(1973) -  The q u a n t i t a t i v e  importance of  these su bs tra tes  
as sources of  carbon was not assessed but a f t e r  one hours 
i ncub ation ,  l a b e l l i n g  of  a sp a rt at e  was taken to suggest 
ca rbo xy lat io n o f  - substrates.  The short term i n c o r p o ra t io n  
o f  [ ,i+C1 -  formate by M. capsulatus was studied by Reed (1976)  
and although onl y  small q u a n t i t i e s  o f  t h i s  substrate were 
a s s i m i l a t e d ,  the e a r l y  l a b e l l i n g  o f  serine and g l y c i n e  was 
considered to i n d i c a t e  d i r e c t  in co r p o ra t io n  without  p r i o r  
ox id a t i o n  to carbon diox ide .
In summary, carbon diox ide  a s s i m i l a t e d  by me thylotrophs 
g e n e r a l l y  involves c a rb ox yl at io n  o f  su bs tra te s.  There  is 
no published report i m p l i c a t i n g  RuBP carboxylase or  a C a l v i n  
cy cl e  in carbon d io x id e  f i x a t i o n  by a methy1o t r o p h .
8. ENERGETICS OF C , ASSIMILATION PATHWAYS
The three pathways o f  a s s i m i l a t i o n  described above have 
very d i f f e r e n t  energy requirements and these may be best 
compared by n o rm a l i z i n g  a l l  three  to pyruvate production 
using estab l i she d g l y c o l y t i c  steps to convert  t r i o s e  phosphate 
and 3-phosphogl y c e r a t e  to pyruvate ( T a b l e  2 ) .
Of the four p o s s i b le  v a r i a t i o n s  o f  the RMP c y c l e ,  on ly  
the eda+/sda+ v a r i a n t  has not been found to date and t h i s  
c o r r e l a t e s  with i t s  r e l a t i v e l y  high energy requirement.  
Although there are two p o ss ib le  rearrangement sequences in 
the C a lv in  c y c l e ,  o n l y  the t a l " / s d a + v a r i a n t  has been found 
to operate.  Only the ( i c l + ) - serine pathway is considered 
in view o f  the doubt regarding the ( i c l  ) - s e r i n e  pathway.
The far g re a t e r  amount o f  energy needed to a s s i m i l a t e  
carbon dioxide r a t h e r  than formaldehyde is very  apparent 
from Table 2 as is  the g re a te r  energy cost  of  a s s i m i l a t i n g  
formaldehyde by a s e r in e  pathway rather  than by an RMP c y c le .
The p ote nt ia l  c e l l  y i e l d s  o f  organisms growing on C j -  
compounds have been c a l c u l a t e d  by a number of  workers 
(van Di jken and H a r d e r ,  1975; Anthony, 1978). For a given 
P/0 r a t i o  (mol ATP formed per e le ct ron  p a i r  t r a n s f e r r e d  to 
oxygen) ,  precise va lu e s  for  which are u n c le a r ,  a l l  p re di c t  
that growth y i e l d s  f o l l o w i n g  carbon a s s i m i l a t i o n  via  the 
serine pathway would be lower than when using the RMP c y c l e .
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Furthermore, Anthony (1978)  indicated that JP. deni t r i  f i  cans 
growing on methanol by a C a lv in  c y c l e ,  o n l y  shows a p p r o x i ­
mately h a l f  o f  the c e l l  y i e l d  i t  would have i f  methanol was 
assimila te d  by an RMP c y c l e .
Anthony (1978)  a ls o  introduced the concept  o f  NAD(P)H 
l i m i t a t i o n  o f  growth y i e l d s .  Most he te ro tro p hs  r eq u ir e  
l i t t l e  NAD(P)H for  conversion o f  growth s u bs tra te  to p re cu rs ors  
for b io s yn th e s is  and t h e i r  molar growth y i e l d s  are predominantly  
determined by the ATP supply.  When however,  there is  a high 
NAD(P)H requirement for  a s s i m i l a t i o n  o f  growth s u bs tr a te  (as 
w it h  CO2 and othe r  -compounds), then growth w i l l  be e i t h e r  
t o t a l l y  NAD(P)H l i m i t e d  or  both NAD(P)H and ATP l i m i t e d .  T h i s  
former c o n d it io n  becomes e f f e c t i v e  in many methylotrophs where 
formate dehydrogenase may be the only  NAD(P)H l i n k e d ,  o x i d a t i v e  
enzyme. In these organisms, the dissimi  l a t o r y  cy c le  o f  
formaldehyde o x i d a t i o n  ( F i g .  8 ) may have p a r t i c u l a r  importance 
as a source o f  NAD(P)H.
9. AUTOTROPHY AND I TS  EVOLUTION
A number o f  a r t i c l e s  have been publ ished in recent  years 
specula t in g as to the po ss ib le  l i n e  o f  e v o lu t io n  o f  C j -  
metabol ism ( K e l l y ,  1971; McFadden, 1973; McFadden and 
T a b i t a ,  197^; McFadden, 1975; Quayle and F e r e n c i , 1978).
Given t h a t  the e a r l i e s t  s e l f - r e p r o d u c i n g  organisms u t i l i s e d  
ready made m a t e r i a l s ,  i t  is  o f  i n t e r e s t  to determine how 
a u t o t r o p h y ,  and p a r t i c u l a r l y  the C a lv in  c y c l e ,  developed 
from these e a r ly  he te ro tro p hs .
Reference to Table 2 i nd ic at e s the endergonic nature of  
c e l l u l a r  b io s y n th e s is  from carbon dio x id e  in c o n tra s t  to 
b i o s y n th e s i s  from the reduced -compounds which may be 
e xe rg o n ic .  The re fo re  growth on carbon dio x id e  req u ir es  
enzymes o f  carbon a s s i m i l a t i o n  and a system o f  energy 
g e n e ra ti o n .  I t  then seems l i k e l y  that  u t i l i s a t i o n  o f  reduced 
Cj-compounds is  more p r i m i t i v e  than u t i l i s a t i o n  o f  carbon 
dio xid e and t h i s  assumption has been used by most authors.
Qu ay le  and Ferenci  (1978)  have suggested t h a t  the RMP 
cycle was the basis  for  the phase o f  e v o lu t io n  fo l low i ng  the 
e a r ly  h e te r o tro p h s .  Several features of  the RMP cy cl e  commend 
i t  as a p r i m i t i v e  pathway, not abl y  the a b i l i t y  to  assemble 
i t  to g i v e  a simple fermentation o f  formaldehyde ( 1 0 ) ,  a 
compound r e a d i l y  formed in experiments s im ul a t in g the p r e b i o t i c
environment.  A fermentation mechanism i s  e ss e nti a l  as 
molecular  oxygen is not b e l i e v e d  to have been present u n t i l  
r e l a t i v e l y  l a te  in e v o l u t i o n ,  a r i s i n g  as a r e s u l t  o f  photo-  
synthesi s.
(10)  3HCH0 + ADP + Pi ----------»  l a c t a t e  + ATP
The development o f  the C a lv in  c y c le  e s s e n t i a l l y  reduces 
to a co n s i de ra t i o n  of  the two enzymes unique to the c y c l e ,
RuBP carboxylase and phosphor ibulo kin ase.  Other  enzymes of  
the c y c le  have analogous funct io ns in g l y c o l y s i s  and the 
Dentose phosphate pathways wh ic h,  because they occur  in most 
anaerobes, were probably  e s ta b l i s h e d  before the a c q u i s i t i o n  
o f  these two enzymes. McFadden (1973) has proposed that 
phosphoribulokinase a c t i v i t y  arose from phosphofructokinase. 
However, no s t u di es  have been published to support t h i s  idea.
McFadden (1975) has discussed the c l e a r  s i m i l a r i t y  
between RMP and C a l v i n  c y c l e s  and in d i c a te d  the homology 
between hexulose phosphate synthase and RuBP carboxylase both 
o f  which c a t a ly s e  condensation of  Cj-compounds w it h  C^-ketose 
phosphates. However, m e c h a n i s t i c a l l y  these enzymes are q u i te  
d i f f e r e n t  c a t a l y s i n g  an a ldol  condensation and carboxy1 a t i o n  
of  an enolate r e s p e c t i v e l y .  Quayle and Ferenci  (1978) 
i n d i c a t i n g  t h i s  f a c t ,  suggested that c a rb o x y la t i o n  of  phospho- 
enolpyruvate  (PEP)  was a more l i k e l y  p re cu rso r  o f  RuBP
carboxylase and al so  that a p r i m a t i v e  RuBP carboxylase may 
have used r ib u lo s e  5 -phosphate (Ru5P) as substra te  g i v i n g  
gl y ce ra te  and phosphoglycerate as products. The apparent  
unimportance of  the C^-phosphate group on RuBP supports 
t h i s  idea. Further  l i g h t  may be shed on t h i s  su bj e ct  w it h  
a study o f  substrate s p e c i f i c i t y  and i n h i b i t i o n  s t u di e s  o f  
PEP and RuBP carboxylases.
Most e v o lu t io n a ry  arrangements o f  autotrophs suggest 
that the C a lv in  cy cl e  was i n i t i a l l y  present in anaerobes 
u t i l i s i n g  l i g h t  or inorganic  redox rea ct io ns as energy 
sources. The b i o l o g i c a l  p h o t o l y s i s  o f  water  presumably then 
followed as in the cya n o ba ct e r ia ,  green algae and higher  
plants.  T h i s  pattern o f  development is  p a r a l l e l e d  by increasing 
molecular  weight o f  RuBP carboxylase ( T a b l e  1) .  Furthermore, 
because o f  the st r u c t u ra l  homology o f  the la rge subunit in 
contrast to the diverse s t r u c t u r e s  of  the small s u b u n i t ,  the 
suggestion that these have a r i s e n  at  d i f f e r e n t  t imes in 
ev olu t io n  has received much a t t e n t i o n  and has led to postulated 
schemes o f  ev olu t io n  ( F i g .  11; McFadden, 1975) w i t h  the genes 
for the la rge subunit being f i r s t  e s ta b l i s h e d .
In developing schemes for  the e v o lu t io n  o f  the C a lv in  
c y c l e ,  the s i m i l a r i t y  between t h i s  and the RMP c y c l e  becomes 
very apparent .  Many other  p r o p e r t i e s  of  methane o x i d i s e r s  
ind icate a r e l a t i o n s h i p  to those organisms w it h  a C a lv in  cy c le
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and these have been e xt e ns iv e ly  discussed by Whittenbury 
and K e l l y  (19 77 ) .  Of note is the s i m i l a r i t y  o f  the methane 
o x id is e r s  to the n i t r i f y i n g  b a ct e r ia  in terms o f  t h e i r  complex 
internal membrane arrangements, incomplete t r i c a r b o x y l i c  
ac id cy cle s and t h e i r  oxidat io n o f  energy sources (CH^, NH^) 
by mixed function oxidases. Furthermore,  some methylotrophs 
can o x id is e  ammon ia to n i t r i t e  (Whi t tenbu ry e_t £j_. , 1970; 
Dalton,  1977). Also both methylotrophs and the carbon d i o x i d e  
a s s i m i l a t i n g  bac te ria  are s i m i l a r  in that t h e i r  growth is  
probably NAD(P)H l i m i t e d  rather than ATP l i m i t e d  (Anthony,  
1978). The possible presence of  b a c t e r i o c h l o r o p h y l 1 in two 
f a c u l t a t i v e  methylotrophs (Sa to ,  1978) , although needing 
confirmation that uncontaminated c u l tu r e s  were used, suggests 
a close r e l a t i o n s h i p  between methylotrophs and the photo­
s y nt h et ic  b a c t e r ia .  A number o f  organisms u t i l i s e  reduced 
Cj compounds by ox id a t i o n  to carbon diox ide before a s s i m i l a t i o n  
via  a C a lv in  cy c le  (£_s oxalat  i c u s , Quayle and Keech, 1959;
T .  novel 1 us , Chandra and Shetna, 1977; £ -  den i t r i fi  ca ns,
Cox and Quayle,  1975; £ .  pa 1ust r is , Stokes and Hoare, 1969;
R. aci dophila  . Sahm et a [ . ,  1976)- Consideration of  these 
points led Whittenbury and K e l l y  (1977)  to broaden the scope 
of  the term autotrophy to encompassing a l l  C^- u t i 1 isers  , and 
so h i g h l i g h t i n g  the r e l a t i o n s h i p  that  e x i s t s  between them.
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SECTION I I
MATERIALS AND METHODS
1 . ORGANISMS
Rhodomicrobium v a n n i e l i i  s t r a i n  (RM5) , is o la te d  by 
Dr. C. S. Dow ( U n i v e r s i t y  o f  Warwick) and Rhodospi r i 11um 
rubrum ( U n i v e r s i t y  of  Warwick c u l t u r e  c o l l e c t i o n )  were the 
species o f  R h o d o s p i r i 11aceae used in t h i s  study. Methylococcus 
capsul atus s t r a i n  (B a th )  was i so la te d  by Whittenbury et_ aj_. 
(1 9 70 ) .  Other  methylotrophs used were: Methylococcus 
capsulatus ( F o s te r  and D a v i s ) ;  Methylomonas albus (BG8 ) ;
Methyl os i nus t r i chospor i um (0 B3 b) ;  Methylosi  nus spor i um ( 5 ) ;  
Methylomonas methan i ca ( S I ) ;  Methylomonas a q i 1e (A30) and 
Methylocyst  i s parvum (CBBP) a l l  from the U n i v e r s i t y  o f  Warwick 
c u l t u r e  c o l l e c t i o n .  The t r im e th y l  amine u t i l i s e r s ,  bacterium 
C2A1 and bacterium *+66 were i s o la te d  by Colby and Zatman (19 73 ) .
2. CHEMICALS AND GASES
RuBP tetrasodium s a l t ,  other  biochemicals and enzymes were 
purchased from the Sigma London Chemical Co. L t d . ,  Poole,
Do rset ,  U.K.  , except for  reduced nicatinomide adenine 
d i n u c l e o t i d e  (NADH) which came from the Boehringer  Corporatio n 
(London) L t d .  FIuka AG, S w i tz e r la n d ,  supplied acrylamide and 
the Eastman Kodak C o . ,  K i r k b y ,  L i v e r p o o l ,  U . K . ,  N , N 1-Methyl ene 
b i sacrylami  de and N , N , N 1 , N 1-te tramethyl  ethylenediamine (TEMED).
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Chemicals for e le c t r o n  microscopy were obtained from 
Polaron Equipment L t d . ,  Watford,  U . K . , except f or  lead 
c i t r a t e  which came from TAAB L a bo ra to r ie s ,  Reading,  U.K.
A l l  o the r  chemicals were obtained from the f o l l o w i n g  
manufacturers:  B r i t i s h  Drug Houses L t d . ,  Poole,  D o r s e t ,
U . K . ,  Fisons S c i e n t i f i c  Apparatus L t d . ,  Loughborough,
L e i c s ,  U . K . ,  Hopkin and W i l l i a m s ,  Chadwel1 Heath, Essex,
U . K . , G. T .  Gurr L t d . ,  High Wycombe, Bucks, U.K.  
Radiochemicals were purchased from the Radiochemical Ce ntr e,  
Amersham, U.K.
Oxygen free n i t r o g e n ,  a i r ,  methane, carbon d i o x i d e  
and hel ium were obtained from the B r i t i s h  Oxygen Co. L t d . ,  
London, U.K.
3. MEDIA
R. vann ? ei i i (RM5) was r o u t i n e l y  grown on a medium o f  the 
f o l low i ng  composition ( g . l  ' ) :
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PM Medium (Dow, 197*0
NaCl . O.k
NH^Cl 0.5
Ca C!2 .2H20 0.05
MgS0v 7H20 0 .*t
sodium hydrogen malate 1.5
sodi urn pyruvate 1 .0
a dj us te d  to pH 6.8 with K0H
A f t e r  a u t o c l a v i n g  at 121°C for  15 min, 50 m l .1 * o f  
p r e s t e r i l i s e d  phosphate b u f f e r  (0 .1M,  pH 6 . 8 ) was a s e p t i c a l l y  
added. Media co n t a i n in g  o th e r  carbon su bs tra tes  were prepared 
using the same basal s a l t s ,  o m i t t i n g  sodium hydrogen malate 
and sodium pyru vat e and i n c l u d i n g  the requ ire d subs tra te  at  
a f inal  co nc e ntra t i o n  o f  20 mM. When necessary,  carbon 
dioxide was p rov id ed by the a d d i t i o n  o f  f i l t e r  s t e r i l i s e d  
sodium b ic a rb ona te .  For growth o f  R. rubrum PM medium was 
used but in a d d i t i o n  co nta i n in g  1 g . l  ' o f  yeast e x t r a c t .
For m e th y l o t ro p h s , a medium o f  the f o l lo w i n g  basal s a l t s  
composition was used ( g . l  ' ) :
-7 - 
■. 1 * \ f y
| f
I I  i d
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MgS0it.7H20 1.0
CaCl2 .2H20 0.2
ethylenediamine t e t r a c e t i c  a c id
f e r r i c  sodium s a l t  0.005
To t h i s  was added 0.5 m l . l " 1 o f  a t r a c e  element s o lu t io n  
(Dalton and W h it ten bur y,  1976). N i t r a t e  mineral  s a l t s  
medium (NMS) contained in a d d i t i o n  1 g . l  1 o f  KNO^ and 
ammonium mineral s a l t s  medium (AMS), between 0.25  to  2.0 g . l  ' 
NH^Cl . A f t e r  adjustment to pH 6.8 w i t h  K0H and a u t o c l a v i n g  
at 121°C for 15 min, 20 m l . I -1  o f  p r e s t e r i l i s e d  phosphate 
b u f fe r  (0 .2M,  pH 6 . 8 ) was added.
For s o l i d  media, 15 g . l ' 1 o f  'Bacto D i f c o 1 aga r  was 
added p r i o r  to  s t e r i l i s a t i o n  of  the unbuffered medium.
k.  MAINTENANCE OF CULTURES
R. vann i e l i  i (RM5) and M. capsulatus (B a t h )  were both 
r e g u l a r l y  subcultured on PM agar and NMS agar r e s p e c t i v e l y .  
R. vann i e l i i (RM5) was grown in anaerobic bags (Westmacott 
and Primrose,  1975) at 30° under i l l u m i n a t i o n  from tungsten 
lamps. Incubation o f  M. capsulatus p la te s was a t  A5°C in
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' Tupperware'  boxe s,  f i t t e d  w ith  a i r  t i g h t  l i d s ,  int o each 
o f  which a f o o t b a l l  b ladder  of  methane was discharged.  
T h i s  gave an approximate 5 0 : 5 0  m e t h a n e - . a i r  mixtur e.  
C u l t u re s  o f  o t h e r  organisms were stored at -80°C.
5. CULTURE PURITY
The p u r i t y  o f  a l l  c u l tu r e s  was checked by s t re a k i n g  on 
n u t r i e n t  agar p l a t e s  and incubating these both a e r o b i c a l l y  
and a n a e r o b i c a l l y  at 30°C and k5°C. C u l t u r e s  were a lso  
examined by phase contrast  microscopy.
S 6 - MICROSCOPY1
1 a) 8 Li g h t  microscopy
Phase co ntra st  microscopy was done using an Olympus EMT 
microscope. P l a t e s  were examined with an Olympus 'Model 
X - T r '  s t e re o s c o p i c  microscope.
b) Transmission e le ct ron  microscopy
T h i s  was done w i t h  an AEI Co r in th  275 E l e c tr o n  Microscope 
having an a c c e l e r a t i n g  vo lta ge  o f  60KV. E l e c tr o n  micrographs
were taken on 70 mm I l f o r d  l i n e  f i l m  N^ESO, developed in 
I l f o r d  Phenisol  and f ix ed in Kodafix.  P r i n t s  were made 
using Kodak Bromide paper.
c)  Negative s t a i n i n g
C e l l s  o r  enzyme pre pa ra tio ns were placed on formvar coated 
g r i d s ,  f i x e d ,  i f  re q u i r e d ,  in osmium t e t r o x i d e  vapour and 
dr ie d  down. 1% (w/v)  phosphotungstic  a cid  (pH 7 . 0 )  was added 
and immediately removed w i t h  f i l t e r  paper.
7. SPECTROPHOTOMETRY
A l l  spectrophotometr ic  enzyme assays were done using a 
Pye-Unicam SP1800 reco rd ing  spectrophotometer f i t t e d  w it h  a 
constant  temperature cu ve tte  housing and l i nk e d  to a Unicam 
AR25 l i n e a r  recor der .  10 mm l i g h t  path,  g la ss  or  qu a rtz  
cuv ett es  were used. Measurement o f  c u l t u r e  absorbances at 
5^0nm ( A 5ifQ) and Lowry et  ^ aj_. (1951)  p ro te in  det e rm in at io ns ,  
were done on a Pye-Unicam SP500.
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8. PROTEIN DETERMINATIONS
P ro t e in  co nce ntr at i on  in c e l ) - f r e e  e x t r a c t s  was determined 
by the Method o f  Lowry et  ^ aj^. (1951)  as modified by Kennedy 
and Fewson (1 9 6 8 ) .  D r i e d ,  c r y s t a l l i n e  bovine plasma albumin 
was used as standard. Absorbance o f  s o l u t i o n s  at  280 nm 
( A 280) was used as a q u a l i t a t i v e  e s t im a t io n  o f  prote in 
concent rat  i on.
9. DRY WEIGHT ESTIMATIONS
Measurement o f  c u l t u r e  dry  weights was done by f i l t r a t i o n  
o f  s u i t a b l e  volumes through d r ie d  and weighed O.k  g, membrane 
f i l t e r s  (Oxoid L t d . ,  London) . These were then dr ie d  at 60°C 
under id e n ti c a l  c o n d it io n s  to the f res h membranes and allowed 
to cool in a d e s i c c a t o r  before w e i g h in g .  On average 20-30 mg 
d ry  weight  o f  c e l l s  were f i l t e r e d .
By d i l u t i o n  o f  chemostat grown c e l l s ,  curves o f  A ^ g  
v e rs u s dry  weight were prepared for  both M. capsulatus (B a th )  
and _R_. vanniel  i i (RM5). These gave average dry  weight values 
at  an A ^ g  o f  0.1 o f  0.016 g . l " '  f or  M. capsulatus (Bath)  
and 0.023 g . 1 ' 1 for  R. v a n n i e l i  i (RM5) .
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10. GAS CHROMATOGRAPHY PROCEDURES
Measurement of  carbon d i o x i d e ,  methane, oxygen and nit ro ge n  
in c u l tu re  atmospheres was done using a Pye-Unicam Ser ies 
104 gas chromatograph f i t t e d  w i t h  a Katharometer ( thermal  
c o n d u c t i v i t y )  det ector .  T h i s  was l inked t o  a 1Se rv osc rib e  1 
recorder  (Smiths In d u s t r i e s  L t d . ,  London) w i t h  an i n t e g r a t i o n  
dev ice for c a l c u l a t i n g  peak are as .  3 m x 4 mm columns were 
used with a packing material  o f  e i t h e r  'Molecular  Si e v e '  5A 
(80 -100 mesh) for res olv in g oxygen, n it ro g e n  and methane o r  
'Porapak R' for  res olving a i r ,  methane and carbon d io x id e .
In both cases helium was used as the c a r r i e r  gas at  a flow 
r a t e  of  30 ml.min ' and the oven temperature was maintained 
at  50°C.
Concentrat ions were expressed as a percentage o f  the 
t o t a l  gas atmosphere. Due to d i f f e r e n c e s  in dete cto r  
s e n s i t i v i t y  towards va rio us gases,  i t  was necessary to c a l i b r a t e  
the system with prepared gas mixtures o f  known composition.
11. MEASUREMENT OF RADIOACTIVITY
R a d i o a c t i v i t y  was counted on a Packard T r i - C a r b  L i q u i d  
S c i n t i l l a t i o n  Spectrometer model 3320. The s c i n t i l l a t i o n  
f l u i d  used throughout was o f  the f o l low in g composit ion:
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6 1. toluene AR; 3 1. t r i t o n  X-100;  36 g 2 , 5 - Di pheny1 -
oxazole (PPO) ;  0 .45 g p - B i s  2 - ( 5 - p h e n y l o x a z o l y l ) - b e n z e n e  
(P0P0P). 10 ml o f  t h i s s c i n t i 11 a t i o n  f l u i d  was completely
mi sci ble  w i t h  1 ml o f  water .  A counting e f f i c i e n c y  o f  60% 
was c a l c u la te d  using ,i+C standards o f  known speci fi  c activity
12. PREPARATION OF RADIOACTIVE MATERIALS
Before use [ ^ C ] - s o d i u m  bicarbo na te was made up t o  a s p e c i f i c  
a c t i v i t y  o f  0 .8 g,Ci ^moi’  1 in 20 mM T r i s  (Hydroxymethyl )ami no­
methane h y d r o c h lo r id e  ( T r i s - H C l ) ,  pH 8 .2 .  ^ C ] - forma 1dehyde
was made up to a s p e c i f i c  a c t i v i t y  o f  0.01 u,Ci g,mol 1 in 10 mM 
T r  i s-HCl , pH 7•2.
14 . . • •Sodium [ I -  C ] g l y c o l 1 ate was d issol ve d in the minimum
q u a n t it y  o f  water and p u r i f i e d  by paper chromatography on
Whatman No. 1 paper in an ethanol -ammonia-water (80 : 4 : 16;
Long et aj_. , 1951) solvent  system.
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13. POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE)
a ) Sodium dodecyl sulphate (SDS) -  PAGE
The procedure o f  O ' F a r r e l l  (1975) was followed for the 
preparation and running o f  20 x 18 x 0.15 cm slab SDS- 
polyacrylamide g e ls .  A discontinuous buffer  system (Laemml i , 
1970) was used with  the r e s o lv in g  gel prepared in 1.5 M 
T r i s - H C l ,  pH 8 .8  and the stacking gel in 0.5 M T r i s - H C l ,  
pH 6.8 .  SDS at O.A% (w/v)  was incorporated int o both 
bu f fe rs .  The running b u f f e r  was T r i s - g l y c i n e  (0.025M T r i s  
base, 0.192M g l y c i n e )  co n ta i n in g  0.1% (w/v) SDS and 10 mM 
2-mercaptoethanol . E i t h e r  7.5 to 20% (w/v) exponential  
gradient  acrylamide gels or, for measuring polypeptide  
molecular w eights,  s i n g l e  percentage, 10% (w/v)  acrylamide  
gels  were used. E le c tr o p h o r e s i s  was done at a constant  
cu rrent  of  12 ma.
b ) Non-denaturing gels
Enzyme p u r i t y  was assessed with non-denaturing tube gels 
( G a b r i e i ,  1971). The Laemml i (1970) discontinuous b u f f e r  
system was used with the a dd i t i o n  of  cysteine-HCl  ( f i n a l  
c o nce nt rat io n,  8 mM) and 2-mercaptoethanol ( f i n a l  c o n c e n t r a t i o n ,  
10 mM) to the running b u f f e r .  Gels were polymerised from A,
4 . 5 ,  5, 6 and 7.5% (w/v)  acrylamide with a 1.5% (w/v)  
acrylamide stacking gel when required. E le c tr o p h o r e s i s  was 
done at 0 .5  ma per tube and then increased to 2.5 ma per tube 
when the p ro te ins  had entered the ge l .
c)  Sample pre pa ra tio n
Soluble p ro te in s  f or  SDS-PAGE were d is s o c i a te d  in 1% (w /v)
SDS, 0.1% (w/v)  2-mercaptoethanol  and 6% (w/v)  sucrose,  
by heating at  100°C for  3 mins. Sol uble p ro t e in s  for non­
denaturing gels  were prepared in 6% (w/v)  sucrose plus 0.01% 
(w/v) 2 -mercaptoethanol .  P r i o r  to loading onto g e l s ,  a 
t rac king dye, bromophenol blue (BPB) ,  was added to each 
sample (20 ^1 0.1% w/v BPB/0.5 ml sample).
d) Gel s t a i n i n g  and recording
Gels were stained for a minimum o f  12 h in 0.1% (w/v)  Coomassie 
Blue R, A5% ( v / v )  methanol and 10% ( v / v )  g l a c i a l  a c e t i c  a c i d .  
Destaining was done in *+5% ( v / v )  methanol,  10% ( v / v )  a c e t i c  
ac id fol lowed by 20% ( v / v )  isopr op an ol ,  10% ( v / v )  a c e t i c  a cid  
and f i n a l l y  in 10% ( v / v )  isopr op an ol ,  10% ( v / v )  a c e t i c  a c i d .  
Gels were photographed from above using a Pentax SP500 camera 
with Kodak Panatomic X f i l m  (ASA 3 2 ) .
e) Standa rds
The marker p ro t e i n s  used for  SDS-PAGE were: bovine plasma 
albumin (mol . w t . 6 7 , 0 0 0 ) ,  y - g l o b u l i n s  (m o l .w ts.  25,000 and 
5 0 , 00 0) ,  ovalbumin (mol.  w t . A 3 , 5 0 0 ) ,  horse heart  myoglobin 
(mol.  wt . 16,890)  and horse heart cytochrome C (mol.  w t .
13.A00) . R e l a t i v e  fro nts  (R f ) were measured w i t h  respect 
to bromophenol b lu e .
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14. GROWTH OF ORGANISMS 
a ) Batch C ul tu re
Photosyn the tic  b a c t e r ia  were r o u t i n e l y  grown in 250 ml 
Erlenmeyer f lasks f i t t e d  w i t h  B19 ground gl ass sockets and 
sealed with rubber serum caps (W. Freeman and Co. L t d . ,
B ar nsl e y,  Y o r k s ) .  The c u l t u r e  volume was 100 ml unless 
ind icated otherwise.  Each f lask was gassed for 15 min w ith  
oxygen free n it roge n  v ia  ' i n l e t '  and ' o u t l e t '  sy r inge  needles 
inser ted  through the cap and then incubated on an o r b i t a l  
shaker ( L .  H. E n g i n e e r i n g ,  Stoke Poges, Bucks) at 30°C under 
i l l u m i n a t i o n  from tungsten lamps ( i n c i d e n t  l i g h t  i n t e n s i t y  
2000 l u x ) .  The e f f e c t  o f  growth subs tra te  on enzyme a c t i v i t y  
was determined using c u l t u r e s  o f  200 ml f in al  volume prepared 
as above. Inocula were taken from c u l t u r e s  grown on each 
type o f  medium, the c e l l s  being washed once w it h  20 mM 
phosphate b u f f e r ,  pH 7 .0  p r i o r  to i n o c u la t i o n  to an A ^ g  of  0.1.
For enzyme studies and f o l low in g growth curves,
R. vann i e l i  i (RM5) and R. rubrum were grown in 5 1. or  20 1. 
f l a s k s ,  sealed w i t h  rubber serum caps ard flushed w it h  oxygen 
free n it r o g e n .  These were incubated with  s t i r r i n g  by a 
magnetic fo l low e r  at 30°C under constant i l l u m i n a t i o n  from 
tungsten lamps ( i n c i d e n t  l i g h t  i n t e n s i t y  o f  2000 l u x ) .
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Small scale batch c u l tu re s  of  methylotrophs were 
grown in 250 ml f lasks sealed with  rubber serum caps and 
con taining 20 ml of  NMS medium and 25 ml o f  methane.
Cel 1 -f r e e  e x t r a c t s  of  d i f f e r e n t  methylotrophs were 
prepared from c e l l s  grown In 1 1. sealed f l a s k s ,  each 
containing UOO ml of  NMS medium, with  a methane f i l l e d  
footbal l  b ladder  atta che d.  Cu ltu re s were Incubated w it h  
shaking at e i t h e r  it5°C for M. capsul atus ( B a t h )  or  30°C 
for other  m e th yl o tro p h s.
Large scale batch c u l tu re  o f  _M_. capsul atus (Bath)  for  
enzyme st u di e s ,  was done by P. P. T a y l o r  ( U n i v e r s i t y  of  
Warwick) In a 100 I .  fermenter ( L .  H. Engine er in g L t d . )  
as described by Colby e^ t a K  ( 1977).
b) Continuous C u l t u re
The continuous c u l t u r e  of  I*, vann i el i 1 (RM5) was based on the 
techniques o f  Baker (1968) and France (1978)  w it h  a l l .  
' Q u l c k f l t '  fermenter vessel  having a Working volume o f  600 ml. 
The c u l tu re  was maintained at 30°C by a w at e r  jack e t  (5 1. 
g lass beaker)  connected to a t h e rm o c i r c u l a t o r  ( C h u r c h i l l  
Instrument Co. L t d . ,  P e r l v a l e ,  Middlesex)  and constant l i g h t  
i n t e n s i t y  provided by a tungsten lamp. pH was maintained at 
7 .0  by the automatic a d d i t i o n  of  carbon d i o x i d e .  The c u l t u r e  
was cont inuo usly  f lushed with oxygen free n it r o g e n  (30 ml m i n ' 1) 
and a gas l i f t  was used to keep a constant c u l t u r e  volume. 
A g i t a t i o n  was provided by a magnetic f o l l o w e r .
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For a l l  r a d i o t r a c e r  work and some enzyme s t u d i e s ,
M. capsulatus (Bath)  was grown as a chemostat c u l t u r e  
(maintained by P. P. T a y l o r ,  U n i v e r s i t y  o f  Warwick) on 
AMS-medium (unless i nd ic at e d  o the rw ise)  in a 3 1. fermenter  
( L .  H. Engine er in g L t d . )  w it h  a working volume o f  2 - 2 j  1.
T h i s  was operated at 45°C under oxygen l i m i t a t i o n  w i t h  
methane (20% v/v in a i r )  as carbon source. The pH maintained 
at 6.8 by automatic t i t r a t i o n s  w i t h  1M HC1. A d i l u t i o n  rate 
o f  0.05 h ' was used in a l l  experiments.
15. MEASUREMENT OF CARBON DIOXIDE ASSIMILATION BY INTACT 
ORGANISMS
The procedure used f o r  measuring whole c e l l  carbon d i o x id e  
uptake by R. vann i e l i  i (RM5) was based on that  o f  S l a t e r  and 
Morr is  (1 9 7 3 a ) .  C e l l s  were harvested by c e n t r i f u g a t i o n  
(10,000 g for 10 m i n ) ,  washed once and resuspended t o  a standard 
^540 0*1 ' n e ' t h e r  complete growth medium o r  basal s a l t s ,  at
30°C. The suspension (20 ml in a 250 ml Erlenmeyer  f lask
in a shaking water bath (Grant  Instruments L t d . ,  Cambridge,
sealed w i t h  a rubber serum cap) was gassed for  10 min w ith  
oxygen f re e  nitrogen and then e q u i l i b r a t e d  at 30°C f or  10 min
U . K . ) a t  80 c v c l e s . m i n ' '  under i l l u m i n a t i o n  from tunqsten
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b ic a rb ona te ,  at a f in al  concentrat ion o f  2.5  mM, was then
1 kadded and a f t e r  a f u r th e r  10 min, 10 ^Ci o f  [  C] -sodium
bic arbonate to g i v e  a s p e c i f i c  a c t i v i t y  o f  0 .2  |j,Ci.p,mol
At  re g u la r  time i n t e r v a l s  (10 m i n ) ,  a 1.0 ml sample was
t r a n s f e r r e d  to a s c i n t i l l a t i o n  v i a l  c o n t a i n i n g  2.0  ml of
95% ( v / v )  e th a n o l ,  5% ( v / v )  g l a c i a l  a c e t i c  a c i d .  Samples
were evaporated to dryness on a Techne Dri  Block DB-3H,
resuspended in 1.0 ml o f  d i s t i l l e d  water and r a d i o a c t i v i t y  
1 k( f i x e d  C) measured.
A s i m i l a r  procedure was adopted for  measuring carbon 
d io x id e  uptake by M. capsulatus (Bath)  except that  the 
suspension was not gassed w ith  oxygen free nit ro ge n  and 25ml 
o f  methane was added to each f l a s k .  Inc ub at io n  was at A5°C 
and i l l u m i n a t i o n  was not requ ired.
Control f la s k s  e i t h e r  contained heat k i l l e d  c e l l s  (80°C 
for  5 min)  or  lacked any exogeneous carbon source.  Rates of  
carbon d io x id e  f i x a t i o n  were determined from the l i n e a r  
in co rp o ra t io n  over  10-60 min and were expressed as ^mol carbon 
dio x id e  f ixed.mg dry  wt . o f  organism .h
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16. PREPARATION OF EXTRACTS
A l l  o p er at io ns  were done at h°C.  C e l l s  were harvested by 
c e n t r i f u g a t i o n  at  10,000 g,  washed twice  and resuspended in 
20 mM T r i s - H C l ,  pH 8 .0  c o n t a i n i n g  10 mM MgCl2*6H20, 50 mM 
NaHCO^, 1 mM ethylene diamine t e t r a - a c e t i c  a c i d ,  di -so diu m 
sa lt  (EDTA)  and 5 mM 2-mercaptoethanol  (TEMMB b u f f e r ;  T a b it a  
and McFadden, 197*«). Crude c e l l  e x t r a c t s  were prepared by 
two passages o f  the suspension through a p re -c o o le d  French 
Pressure Cel l  (American Instrument  C o . ,  Maryland, U . S . A . )  
at 137 MPa (20 ,000  lb i n ’ ^ ) .  Unbroken c e l l s  and debris  
were removed by c e n t r i f u g a t i o n  a t  10,000 g f or  10 min and 
the supernatant  was c e n t r i f u g e d  at 120,000 g f or  1? h to  y i e l d  
so lu ble  and p a r t i c u l a t e  f r a c t i o n s .
E x t r a c t s  o f  M. capsulatus (B a th )  grown as a large scale 
batch c u l t u r e  (100 1. f e r m e n t e r ) ,  were made using the method 
o f  Colby and Dalton (19 76 ) .  C e l l s  were h a rv es te d,  washed 
twice and resuspended in 20 mM T r i s - H C l  b u f f e r ,  pH 7 .0 .  The 
suspension was passed once through a French Pressure Cell  at  
137 MPa and unbroken ba ct e ria  and d eb r is  removed by c e n t r i ­
fugation a t  5000 g for  10 min. The crude e x t r a c t  was then 
c e n t r if u g e d  at  160,000 g for  1 h to y i e l d  a dark red p a r t i c u l a t e  
f r a c t i o n  ( P j ^ q ) and a c l e a r  red supernatant  ( S ^ q ) .
L o c a l l y  bought spinach was homogenised in a Waring Blender  
for  2 min (100 g spinach plus 50 ml TEMMB b u f f e r )  and then 
ce nt r if u g e d  (100,000 g for  l£ h)  to  y i e l d  a c l e a r  supernatant.
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17. MEASUREMENT OF CELL-FREE CARBON DIOXIDE FIXATION
Carbon dioxide f i x a t i o n  by c e l l - f r e e  e x t r a c t s  was measured 
in a reaction mixture (0 . 25  ml f inal  volume) which contained: 
15 p,mol T r i s - H C l  , pH 8 . 2 ;  2 .5  y,mo1 MgCl2*6H20; 5 p,mol
NaH,i+C0^ ( s p e c i f i c  a c t i v i t y  0 .8  p.Ci p.mol"' un less stated 
oth e rw i s e ) ;  so lu ble  e x t r a c t ;  when required NADH and adenine 
triphosphate ( A T P )  ( 0 . 2  ^mol of  each) .  A f t e r  preincubation 
for 5 min at the desired temperature,  the r ea ct io n  was 
started by the a d d i t i o n  o f  0.2  )j,mol o f  the te s t  su bst rat e.
The reaction was stopped a f t e r  a f u r t h e r  5 min by the a d d i t i o n  
of  100 p, 1 of  12M formic a c i d  and any p r e c i p i t a t e  removed by 
c e n t r i f u g a t i o n .  A 200 p, 1 sample was evaporated to dryness 
in a s c i n t i l l a t i o n  v i a l ,  resuspended in 1 ml o f  water  and 
r a d i o a c t i v i t y  counted. C o n tro ls  assayed simultaneously  lacked 
any test  substrate.
18. ENZYME ASSAYS
A l l  enzyme assays were done at A5°C f or  M. capsulatus (Bath)  
and 30°C for o th e r  m e th yl o tro p h s, R. vann i e l i  i (RM5) and 
R. rubrum.
a) RuBP carboxylase ( 3 -P h os p h o -D -g ly ce ra te  c a r b o x y - 1yase
( d i m e r i z i n g ) ,  EC A . 1 . 1 . 3 9 ) :  a c t i v i t y  was measured by the
1URuBP dependent i n c o rp o ra t io n  of  [ C ] - b i c a r b o n a t e  into acid
stable products using the procedure described above f o r  
c e l l - f r e e  carbon d io x id e  f i x a t i o n .  A pH o f  8.2 was used 
for  R. vann i e l i  i (RM5) , 7 .8  for  R. rubrum and 7 .6  for  both 
Methylococcus species. Any i n h i b i t o r s ,  e tc .  were added to 
the reaction mi xture  p r i o r  to i n i t i a t i o n  o f  the re a c t io n  
w it h  RuBP
As an a l t e r n a t i v e ,  assays were done in 5 ml con ical  
f lasks c o n t a i n i n g  1 ml o f  standard rea cti on  mixtur e.  I f  
re q u ir e d ,  these were made anaerobic  by f lu s h in g  w it h  oxygen 
free nit ro ge n  and se a l i n g  w ith  rubber  serum caps. A f t e r  
i n i t i a t i o n  o f  the r e a c t i o n ,  100 g. 1 samples were t r a n s f e r r e d  
at i n t e r v a l s  to s c i n t i l l a t i o n  v i a l s  co nta i n in g  100 ^1 12M 
formic a c i d .  R a d i o a c t i v i t y  was then determined as b e f o re .
b) RuBP oxygenase: t h i s  was assayed by measuring the
i n i t i a l  rate o f  oxygen uptake w i t h  a C l a r k - t y p e  oxygen 
e le ct ro de  (Rank B r o s . ,  Cambridge) . The rea ct io n  m ix tu re  
cent a ined ( 1 . 0  ml f in a l  vol ume) , 60 p,mol T r  i s-HCl , pH 7 . 6 ;
10 |j,mol MgCl2-6H20; enzyme s o l u t i o n .  A f t e r  5 min p r e ­
incubation at  the des ired temperature,  the rea cti on  was 
s ta rt e d  by the a d d i t i o n  o f  0.8  p,mol RuBP.
c)  Phosphoribulokinase (ATP: D - r i b u l ose -5 -p h o s p h a te 1- 
phosphotransferase,  EC 2 . 7 . 1 . 1 9 ) :  a c t i v i t y  was measured 
using r i bose-5-phosphate (R5P) or  r ibu lo se -5 -p ho sp ha te  (Ru5P) 
as test  su bs tra te  for  the c e l l - f r e e  carbon d io x id e  f i x a t i o n
assay described above. ATP ( 0 . 2  p,moI ) and when r e q u ir e d ,
NADH ( 0 . 2  y,mol ) and p u r i f i e d  R. vann i el i i (RM5) RuBP 
carboxylase,  were included in the reaction mixture.
d) Phosphoenolpyruvate (PEP)  carboxykinase (GTP: o x a l o -  
acetate carboxy-1yase ( transphosphory1 a t i n g ) ,  EC A . 1 . 1 . 3 2 ) :  
t h i s  was assayed by measuring the rate o f  i n c o rp o ra t io n  o f  
[ 1^ C ) - b i c a rb o na te  i n t o  malate in the presence o f  NADH and 
malate dehydrogenase (Sahl and T ru p e r ,  1977).
e) PEP carboxylase (orthophosphate : ox alo acetate carb ox y-
lyase ( phosp ho ry la t i ng)  EC 4 . 1 . 1 . 3 1 ) :  t h i s  was assayed in
the presence of  NADH and malate dehydrogenase by f o l low i ng
14the rate of  i nco rp ora t io n  o f  [ C ] - b i c a r b o n a t e  into malate 
(Lane e t ^ a K ,  1969) . When req u ir ed ,  a cetyl  CoA ( 0 . 4  p,moI.ml 1 
was included as an a c t i v a t o r
f )  PEP tr ansphosphory1ase (pyrophosphate:  ox alo acetate 
carboxy-1yase ( p h o s p h o r y la t i n g ) EC 4 . 1 . 1 . 3 8 ) :  the assay was 
as for PEP carboxylase onl y  in the presence of  10 mM potassium 
phosphate b u f f e r ,  pH 6.8.
g)  Pyruvate carboxylase ( p y r u v a t e :  carbon diox ide  l i g a s e
(ADP) EC 6 . 4 . 1 . 1 ) :  t h i s  was assayed by measuring the 
14incorporation of  [  C ] - b i c a r b o n a t e  into malate in the presence 
of  NADH and malate dehydrogenase (Sahl and T r u p e r ,  1977).  
Acetyl  CoA ( 0 . 4  n m o l . m l " 1) was included in the assay as an
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h) F r u c t o s e - 1 , 6 - b i  sphosphatase ( f r u c t o s e - 1 ,6 -b is p ho sp ha te  
phosphohydrolase, EC 3 . 1 . 3 . 1 1 ) :  t h i s  was assayed by measuring 
the l i b e r a t i o n  of  i no rga nic  phosphate from f r u c t o s e - 1,6 -
bi sphosphate w it h  the method o f  Pontremoli (1 9 6 6 ) .  I n o r g a n i c  
phosphate was est imated w it h  the amidol reagent o f  A l l e n  ( 1 9 ^ 0 ) .
i )  Phosphoglycol1 ate  phosphatase ( p ho sp hog lyc ol1 ate 
phosphohydrolase, EC 3 . 1 . 3 . 1 8 ) :  the method o f  Anderson and 
T o l b e r t  (1966) was used, measuring the l i b e r a t i o n  o f  i n o rg a n ic  
phosphate from sodium phosphoglycol1 ate w i t h  the amidol 
reagent.
j )  Hydroxypyruvate reductase ( D - gl yc er at e -N AD  oxidore ductase ,
EC 1 . 1 . 1 . 2 9 ) :  t h i s  was assayed by f o l lo w i n g  the o x i d a t i o n  o f  
NADH at 3^0 nm (Lar ge  and Qu ayle,  1963). The rea cti on  m ix tu re  
( 1 . 5  ml)  contained 50 p,mol phosphate b u f f e r ,  pH 7 . 0 ;  0 .2  p,mol
NADH; test  p r o t e i n .  The rea ct io n  was i n i t i a t e d  by the a d d i t i o n  
o f  1 y,mol l i t h i u m  hydroxypy ruvate.
k)  3 -Hexulose phosphate synthase: t h i s  was assayed by
1 kmeasuring the i nco rp ora t io n  o f  label from [  C] - f o rm a l  dehyde 
into sugar phosphates w ith  D - r i b o s e - 5 - phosphate as s u bs tra te  
(Lawrence et aj_. , 1970).  The rea ction m ix tu re  ( f i n a l  volume 
0.A ml)  contained 20 p,mol phosphate b u f f e r ,  pH 7 . 0 ;  2 y,mol
MgCl2-6H20; 2 p,mol r i b o s e - 5 - phosphate; 2 p,mo1 formaldehyde
( s p e c i f i c  a c t i v i t y  0.01 g. C i p.mol’ 1) .  The r ea ct io n  was s t a r t e d
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by the a d d i t i o n  o f  the test  protein and stopped a f t e r  
5 min w it h  1.5 ml o f  ethanol .  Sugar phosphates were 
p r e c i p i t a t e d  with 0.1 ml o f  5% (w/v) barium acetate and 
r a d i o a c t i v i t y  counted.
19. ASSAY OF MOLECULAR WEIGHT STANDARDS
a) A l k a l i n e  phosphatase (orthophosphoric  monoester 
phosphohydrolase , EC 3 . 1 . 3 . 1 )  ( Escheri chia c o l i ) :  a c t i v i t y  
was measured by the method o f  Garen and L e v in tha l  ( I 9 6 0 ) .
b)  Alcohol dehydrogenase (alcohol  : NAD+ o x id o re d u c ta s e ,
EC 1 . 1 . 1 . 1 )  ( y e a s t ) :  a c t i v i t y  was measured by the method of  
Racker (19 55 ) .
c)  Catalase ( hy dr oge n-p ero xide : hydrogen- peroxide o x id o-  
reductase,  EC 1 . 1 1 . 1 . 6 )  (b ovine l i v e r ) :  a c t i v i t y  was measured 
by the method of  Chance and Maeniy (19 55) .
d) Glutamate dehydrogenase (L - gl uta mate  : NAD(P) o x id o -  
reductase (de a min at in g)  , EC 1 . 4 . 1 . 2 ) :  a c t i v i t y  was measured 
by the method of  Fahien and Cohen (1970) .
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e) 8 - q a 1actosidase ( e - D - g a l a c t o s i d e  ga1a c t o h y d ro l a s e ,
EC 3 . 2 . 1 . 2 3 ) :  the assay was based on that  o f  M i l l e r  (1972 ) .
20. ENZYME UNITS
One u n i t  o f  a c t i v i t y  was defined as the amount of  enzyme 
requ ired to transform 1 ^mol o f  subs tra te  per minute.
21. MOLECULAR WEIGHT DETERMINATION BY GEL FILTRATION
The mole cula r  weights of  RuBP carboxylase from R. vann i e l i  i 
(RM5) and M. capsulatus (B a th )  were determined by gel 
f i l t r a t i o n  on a column (1 x 90 cm) o f  Sephadex G200, 
e q u i l i b r a t e d  at 1+°C with  TEMMB b u f f e r .  Escher  i chia col i , 
B -g a l a c t o s i d a s e  (mol .  wt.  5 ^ 0 , 0 0 0 ) ,  horse spleen a p o f e r r i t i n  
(mol . w t . 1+1+3,000), beef l i v e r  glutamate dehydrogenase 
(mol . w t . 320 , 000) ,  bovine l i v e r  cata la se  (m ol .  w t . 2 3 2 ,0 0 0 ) ,  
yeast al coh ol  dehydrogenase (mol . w t . 11+1,000) and col i 
a l k a l i n e  phosphatase (mol . wt . 86,000)  were used as standards 
( D a rn e l l  and K l o t z ,  1975). A 0.5  ml sample c o n ta i n in g  enzyme 
and marker p ro te in s  was a pp l ie d  to the column, eluted at  a 
flow r a t e  o f  10 m l . h ’ 1 and 1 ml f r a c t i o n s  c o l l e c t e d .  Enzymes 
were loca ted  by assaying f ra c t io n s  for a c t i v i t y  and a p o f e r r i t i n  
located by i t s  absorbance at 1+12 nm.
d f r . - A  *  v
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22. SUCROSE DENSITY GRADIENT CENTRIFUGATION
Sucrose s o l u t i o n s  for  den si ty  gr a di e n t  c e n t r i f u g a t i o n  were 
prepared in TEMMB b u f fe r  at c once nt rat io ns  from 0.2 to 0.8M. 
Unless otherwise i n d i c a t e d ,  l i n e a r  0.2  to  0.8M gra di en ts  or 
step g ra di e n ts  o f  equal volumes 0 . 2 ,  0 . 4 ,  0 .6  and 0.8M sucrose 
were used ( a f t e r  Ta b it a  and McFadden, 1974c) .  Gradients 
r o u t i n e l y  had a total  volume o f  16 ml in 20 ml polycarbonate 
c e n t r i f u g e  tubes (Measuring and S c i e n t i f i c  Equipment L t d . ,  
Crawley, Sussex) .  Up to 25 mg o f  p ro te in  (1ml s o l u t i o n )  was 
layered o nto  each g ra di en t  and o v e r l a i d  w i t h  l i q u i d  p a r a f f i n .  
C e n t r i f u g a t i o n  was done at 4°C in an MSE Superspeed 65 
c e n t r i f u g e  w i t h  a p re -coole d  MSE 8 x 25 t i t a n i u m  angle ro to r .  
Gradients were c e n t r i f u g e d  at 55,000 r . p . m .  (240,000 g average) 
for  1 h 20 min at  speed and stopped w it h  the c e n t r i f u g e  brake 
on. Grad ie nts were l e f t  in a v e r t i c a l  p o s i t i o n  for  10 min 
and then unloaded from the base o f  the tube using an MSE tube 
p i e r c e r .  1 ml f ra c t i o n s  were c o l l e c t e d  and monitored for 
absorbance at  280 nm using 0.8M sucrose in TEMMB b u f f e r  as 
blank.
C e rt a in  gra di en ts  (56 ml to t a l  volume)  were c e ntr if ug ed  
at 23,500 r . p . m .  (80,000 g average)  for between 20 to 24 h 
using an MSE 3 x  70 aluminium swing-out  r o t o r .  Preparation 
and unloading o f  these g r a di en ts was as describ ed above. Any 
o the r  v a r i a t i o n  in c e n t r i f u g a t i o n  technique was as indicated 
in the Re su lts  section.
23. PURIFICATION OF R. VANNIELII (RM5) RuBP CARBOXYLASE
R. vann i el i i (RM5) RuBP carboxylase was p u r i f i e d  from 50 1 
o f  c u l t u r e  grown on PM-medium and harvested in the la te  
exponential  phase o f  growth. A l l  procedures were done at 
i*°C. 96 ml o f  crude sol uble e x t r a c t  was slow ly  taken to
35% (w/v)  satur at io n  with  ( N H ^ ^ S O ^  and s t i r r e d  for  30 min.
The p r e c i p i t a t e  was removed by c e n t r i f u g a t i o n  at 30,000 g 
for 20 min and discarded. The supernatant  was then taken 
to 60% (w /v)  satur at io n  w it h  ( N H ^ ^ S O ^  and s t i r r e d  for 1 h.
The p e l l e t  obtained a f t e r  c e n t r i f u g a t i o n  (30,000 g for 20 min) 
was d is s o lv e d  in TEMMB bu f fe r  (22 ml) and d ia ly s e d  ove rni ght  
a gains t  200 volumes of  the same b u f f e r .  The enzyme so lu t io n 
was then a pp l ie d  to  a column ( 3 . 5  x ’ 00 cm) o f  U l t rog e l  
AcA 22 (LKB,  Bromma, Sweden) e q u i l i b r a t e d  w i t h  TEMMB b u f f e r .  
T h i s  was e lu te d  at a flow rate o f  10 ml .h  1 and 5 ml f r a c t i o n s  
c o l l e c t e d  using an LKB U l t r o r a c  F r a c t io n  C o l l e c t o r .  Fra ct io ns 
w it h  s i g n i f i c a n t  RuBP carboxylase a c t i v i t y  were pooled and 
taken to 60% (w/v)  satu ra ti on  w i t h  (N H ^ ^ S O ^  and s t i r r e d  for 
1 h. Fol lowing  c e n t r i f u g a t i o n  a t  30,000 g for  20 min the 
p e l l e t  was d issol ve d in TEMMB b u f f e r  (6  ml) and d ia ly s e d  o v e r ­
n ig ht  a ga in st  300 volumes o f  the same b u f f e r .  The enzyme 
s o l u t i o n  was then a pp l ie d  to a d i e t h y l  ami noethyl (DEAE) c e l l u l o  
column (2 x 10 cm) e q u i l i b r a t e d  w i t h  20 mM T r i s - H C l ,  pH 8 .0  
c o n t a i n i n g  5 mM MgCl2.6H20 and 5 mM 2-mercaptoethanol  (TMM- 
b u f f e r ) .  The column was eluted under g r a v i t y  at a flow rate of
50 m l . h -1 by a l i n e a r  0 to 1M NaCl gradient  prepared in 
TMM b u f f e r .  A c t i v e  f r a c t i o n s  were pooled and concentrated 
in a 10 ml u l t r a f i 1t r a t i o n  cel l  (Amicon, High Wycombe, Bucks) 
over  an Amicon ' D i a f l o '  PM10 membrane. The r e s u l t a n t  enzyme 
so lu t io n (2 ml)  was f i n a l l y  loaded onto a 0 .2  to 0.8M 
discontinuous sucrose gr adi ent  (56 ml to t a l  volume) .  A f t e r  
c e n t r i f u g a t i o n  at  80,000 g for  24 h the gr a di e n t  was 
fra c t io n a te d  and a c t i v e  f r a c t i o n s  pooled and concentrated by 
ul t r a f  i 1 t r a t  ion.
24. PARTIAL PURIFICATION OF R. RUBRUM RuBP CARBOXYLASE
R. rubrum RuBP carboxylase was p a r t i a l l y  p u r i f i e d  using 
DEAE c e l l u l o s e  column chromatography and sucrose de n s i ty  
g ra di en t  c e n t r i f u g a t i o n .  A l l  procedures were done at  4°C.
5 ml of  crude so lu ble  e x t r a c t  was a p p l i e d  to  a DEAE 
column (2 x 10 cm) e q u i l i b r a t e d  with  TMM b u f f e r .  The column 
was washed through w it h  TMi-1 b u f f e r  u n t i l  a l l  280nm absorbing 
material  had been removed and then eluted a t  a flow rate o f  
50 ml .h  ' by a l i n e a r  gr adi ent  o f  0 to 0.5M NaCl in TMM 
b u f f e r  ( t o t a l  volume 500 m l ) .  5 ml f r a c t i o n s  were c o l l e c t e d  
and t h o s e ' w i t h  s i g n i f i c a n t  RuBP carboxylase a c t i v i t y  were 
pooled and concentrated by u l t r a f i 1t r a t i o n  over a PM10 membrane.
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The enzyme s o lu t io n  ( 0 . 9  m l )  was then loaded onto 
a l i n e a r  0.2 to 0.8M sucrose g r a d i e n t ,  c e ntr if ug ed  for 
1 h 20 min at 240,000 g,  f ra c t i o n a te d  and each f ra c t io n  
assayed for  enzyme a c t i v i t y .
25. ENZYME PURIFICATIONS FROM M. CAPSULATUS (BATH)
a ) Fr a c t io n a t i o n  o f  crude e x t r a c t s
The p re l im i n a r y  step in the p u r i f i c a t i o n  of  a l l  enzymes 
from M. capsulatus (B a th )  was the  separation o f  soluble 
(S ]6 o )  e x t r a c t s  by DEAE column chromatography int o  four 
f ra c t io n s  (Colby  and Dalton,  1978) .  T h i s  was done at 4°C. 
Crude s olu ble  e x t r a c t  was a p p l i e d  to a 4.5  x 12 cm column 
o f  DEAE c e l l u l o s e  e q u i l i b r a t e d  w i t h  20 mM T r i s - H C l  b u f f e r ,  
pH 7.0 .  Material  not binding to  the column ( f r a c t i o n  A)  
was e lu te d  w ith  20 mM T r i s - H C l  b u f f e r ,  pH 7 .0 .  The column 
was then e lu te d  w i t h  successive 500 ml batches n f  the same 
b u f fe r  c o n ta i n in g  r e s p e c t i v e l y  0.1M, 0.2M ( y i e l d i n g  f r a c t i o n  
B) and 0.5M ( y i e l d i n g  f ra c t i o n  C )  NaCl .
Each o f  the four f r a c t i o n s  was immediately frozen by 
dropwise a d d i t i o n  to l i q u i d  n i t r o g e n  and stored at -80°C.
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b)  P u r i f i c a t i o n  of  M. capsul atus ( Bat h)  RuBP carboxylase
A l l  procedures were done at  4°C. 21 ml o f  f r a c t i o n  B
was concentrated by u l t r a f i 1t r a t i o n  over a PM10 membrane 
to a volume o f  1.95 ml. A sample o f  t h i s  enzyme so lu t io n  
( 0 . 6  ml)  was a pp l ie d  to a column (1 x 90 cm) o f  Sephadex 
G200, eluted at a flow rate  o f  10 m l . h 1 w i t h  TEMMB b u f f e r  
and 1.5 ml f ra c t i o n s  c o l l e c t e d .  Those w it h  s i g n i f i c a n t  
RuBP carboxylase a c t i v i t y  were pooled and concentrated by 
u l t r a f i l t r a t i o n  over  a PM10 membrane. 0 .6  ml o f  t h i s  enzyme 
solu t ion  was loaded onto a 0.2 to 0.8M l i n e a r  sucrose g r a di e n t  
centr if ug ed  for  1 h 30 min at 240,000 g and f r a c t i o n a t e d .
Those f ra c t i o n s  w it h  s i g n i f i c a n t  RuBP carboxylase a c t i v i t y  
were combined, d ia ly se d  o v e rn i g h t  against  500 volumes of  
TEMMB bu f fe r  and concentrated by u 1t r a f i I t r a t i o n  over a PM10 
membrane. T h i s  enzyme s o lu t io n  ( 0 . 4  ml) was c e n t r i f u g e d  in 
a second 0.2 to 0.8M l i n e a r  sucrose g ra di en t  at 240,000 g for  
1 h 20 min and f ra c t i o n a t e d .
c)  P a r t i a l  p u r i f i c a t i o n  o f  M. capsul atus ( Ba t h )  hydroxy-  
pyruvate leductase
Hydroxypyruvate reductase was p a r t i a l l y  p u r i f i e d  by a pp lyi ng 
30ml o f  f ra c t i o n  A to an U l t rog e l  AcA 34 column ( 6 . 3  x 60 cm) 
and e l u t i n g  at  a flow rate  of  50 ml .h  ' w i t h  T r i s - H C l ,  pH 7 . 0 .  
Thi s  was done at 4°C. 8 ml f r a c t i o n s  were c o l l e c t e d  and those
with s i g n i f i c a n t  enzyme a c t i v i t y  were pooled and frozen in 
l i q u i d  ni t rogen.
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d)  P ar t i a l  p u r i f i c a t i o n  o f  M. capsulatus ( Bath)  phospho-  
g l y c o l l a t e  phosphatase
Phosphoglycol iate phosphatase was p a r t i a l l y  p u r i f i e d  by 
c e n t r i f u g a t i o n  of  fr a ct io n  B into a 0.2 to  0.8M sucrose 
gr a di e n t .
26. RADIOTRACER STUDIES
a ) Products of  cel 1 -f r e e  carbon dio x id e  f i x a t i o n
To determine products o f  carbon dio x id e  f i x a t i o n  by s o lu ble
e x t r a c t s  or  p a r t i a l l y  p u r i f i e d  RuBP carboxylase,  of
14M. capsulat  j s  ( B a t h ) ,  the assay was done using [  C ] - b i c a r b ­
onate at a s p e c i f i c  a c t i v i t y  of  8 p,Ci p,mol ' .  Radi oa cti ve  
compounds formed were i d e n t i f i e d  by chromatography and a u t o ­
radiography.
b ) L a b e l l i n g  and e x t r a c t i o n  of  pool metabol i tes
Chemostat grown c e l l s  of  M. capsulatus (Bath)  were harvested 
by c e n t r i f u g a t i o n  (10,000 g for 10 m i n ) ,  then washed and 
resuspended in 10 ml o f  AMS-medium to a c e l l  d en si ty  o f  e i t h e r  
10 mg.ml’ 1 ( f o r  [ ' ^ ^ - b i c a r b o n a t e  i n c o r p o ra t i o n )  or  5 mg.ml 1 
( f o r  [ 1/+C ] - I  -g l  ycol late  i n c o r p o r a t i o n ) .  The suspension, in 
a 50 ml round bottomed f l a sk  sealed w i t h  a rubber serum cap.
]0k -
was aerated by s t i r r i n g  w i t h  a magnetic f o l lo w e r  and 
p a r t i a l l y  submerged in a water bath at the required 
temperature.  A f t e r  e q u i l i b r a t i o n  for  5 min, 10 ml of  
methane was i n j e c t e d  i n t o  the f l a s k ,  fol lowed a f t e r  10 min 
by the [ ' ^ C ]  s u bs tr a te  (200 UCi o f  [ 1^ C ] - b i c a r b o n a t e  or 
50 p,Ci [ ^ C ] - I - g l  ycol l a t e ) . At va r io us  time i n t e r v a l s  
a f t e r  a dd i t i o n  o f  label , a 1 ml sample was removed by 
hypodermic sy r inge  and added to k ml of  hot (60°C)  abs olu te  
ethano l .  The r e s u l t i n g  p r e c i p i t a t e  was removed by c e n t r i ­
fugation and f u r t h e r  e xt r a c t e d  w it h  two changes of50% ( v / v )  
hot ethanol .  The supernatants were combined and the volume 
reduced to 0.5 ml in a Vacuum Rotary Evaporator  ( Q u i c k f i t  
In s t ru m e n t a t i o n ,  E n g la n d ) .
c)  Chromatography and autoradi ography
Radi oa cti ve  compounds were separated by two dimensional 
ascending paper chromatography. An a l i q u o t  (n o rm a l ly  25 p i )  
o f  la b e l l e d  e x t r a c t  was appl ied to  the o r i g i n  o f  a sheet 
of  25 x 25 cm Whatman No.1 chromatography paper and a number 
of  such papers f i t t e d  t o  a universal  frame. Chromate grams 
were developed o v e rn i g h t  in the f i r s t  d i r e c t i o n  w it h  a 
phenol : water : g l a c i a l  a c e t i c  a cid  : ethyl enediamine-tetracetic  
a cid  ( IM) ( 8A0 : 1A9 : 1 0 :  1) sol vent system and a f t e r  d r y i n g  
at room temperature in a stream o f  a i r ,  were developed o v e r ­
n ig h t  in the second d i r e c t i o n  in equal volumes o f  p r o p io n ic
- 105
a cid  : water (620 : 790) and n-butanol  : water (12A6 : 8*0.
The p o s it i o n  of  l a b e l le d  metabol i tes was determined by 
exposing the chromatograms to ' K o d i r e x 1 X - ra y  f i l m  for up 
to one month. The r a d i o a c t i v i t y  per metabol i te  was measured 
by c u t t i n g  out r a d i o a c t i v e  spots and counting them in the 
t r i t o n - t o l u e n e  s c i n t i l l a t i o n  system. Radioactive spots 
from d u p l i c a t e  chromatograms were cut o u t ,  e luted with 
50% ( v / v )  ethanol and the l a be l le d  metabol i te  re-chromato­
graphed in the same solvent  system w ith  a series o f  standards. 
Amino a c id  standards were detected by spraying with  0.25%
(w/v) n in h y d r i n  in acetone, c a rb o x y l i c  acids w it h  0.1% (w/v)  
bromocresol green (pH 5 . 0 )  in ethanol and phosphorylated 
compounds w i t h  60% (w/w) p e r c h l o r i c  a c i d ,  5 m l ; 1M HC1, 10 ml; 
k% (w/v)  ammonium molybdate, 25 ml; d i s t i l l e d  wa te r ,  60 ml 
fol lowed by exposure to u l t r a  v i o l e t  l i g h t  (Bandurski and 
Ax e l ro d ,  1951).  Metabo l i tes were p o s i t i v e l y  i d e n t i f i e d  when 
they co-chromatographed w it h  the a u th e nt i c  standard.
The r a d i o a c t i v i t y  per metabol i te  was expressed e it h e r  
as a percentage of  the to ta l  r a d i o a c t i v i t y  in that p a r t i c u l a r
sample or  as c .p. m.  (mg dry  wt . of  c e l l s ) - 1
SECTION I I I
RIBULOSE 1 ,5-BISPHOSPHATE CAR30XYLASE AND CARBON 
DIOXIDE FIXATION IN RHODOMICROBIUM VANNIELI I (RM5)
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1 . INTRODUCTION
R. vann i e l i  i (RM5) e x h i b i t s  a polymorphic v e g e t a t i v e  cel l  
cy cl e  in which three d i s t i n c t  c e l l  types are expressed 
(Dow, 197A). The cel l  cy cle s o f  organisms w i t h i n  the 
Rhodospi r i  1 1 aceae range in complexity from that o f  
Rhodomi crob i um to the simple monomorphic ce l l  c y c le  of  
R. rubrum. I t  is possible  to arrange these into a gradient  
o f  complexity which may be i n d i c a t i v e  o f  morphogenetic 
e v olu t io n  ( F i g .  12; Whittenbury and Dow, 1977).
I t  has been shown by France (1 9 7 8 ) ,  that as an 
a l t e r n a t i v e  t o  the complex cel l  cycl e  c h a r a c t e r i s t i c  of  
Rhodomi crob i um, R. vann i e l i  i (RM5) may also r e p l i c a t e  by 
a s i m p l i f i e d  v e g e ta t i v e  cel l  cy c le  not i n v o lv in g  the 
formation of  chains of  c e l l s  ( F i g .  13 )• Although the 
control  o f  these two forms of  v e g e t a t i v e  ce l l  c y c l e  is 
poorly  understood,  evidence does suggest that the re  may 
be an environmental  switch between complex and s i m p l i f i e d  
c y c l e s ,  p o s s i b l y  mediated by l i g h t  i n t e n s i t y  and/or carbon 
diox ide  te n s io n  (Fr an ce ,  1978; C. S. Dow personal 
communication) .  The work presented in t h i s  t h e s i s  has been 
done w i t h  the organism expressing the s i m p l i f i e d  c e l l  c y c le .
The l i m i t e d  information that  is a v a i l a b l e  regarding 
RuBP carb ox yla se  and carbon dioxide f i x a t i o n  in the 
Rhodospi r i l l  aceae has al rea dy  been indi cated  in the General
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S i m p l i f i e d  ( a )  and complex (b )  c e l l  cycles 
of  R. vanni e l i  i (RM5)
1 1 0
I n t r o d u c t i o n .  The bulk o f  t h i s  work has been done with 
R. rubrum, which is not o n ly  m o r p h olo g ic al ly  ve ry  simple 
but a l s o  possesses the sm a l le s t ,  and probably the most 
p r i m i t i v e ,  form o f  RuBP carboxylase thus far  c h a rac te ri se d  
( T a b i t a  and McFadden, 197^a, b ) .  I t  was th e re f o re  of  
i n t e r e s t  to examine the RuBP carboxylase of  R. vann i e l i  i 
(RM5) which is m orp ho lo g ic al ly  at  l e a s t ,  the most complex 
of  the Rhodospi r i 11aceae.
2. REQUIREMENTS FOR CARBON DIOXIDE FIXATION BY RH0D0MICR0BIUM 
VANNIELII  (RM5)
Whole c e l l s  o f  R. vann i e l i  i (RM5) , when resuspended in 
complete (PM) growth medium and incubated in the l i g h t ,  
e x h i b i t  a l i n e a r  rate o f  carbon dio xide  f i x a t i o n  over  the 
p e r io d  from 10 to 60 min ( F i g .  14) . Photoheterotrophical  1y 
grown c e l l s  taken from a chemostat ( d i l u t i o n  rate of 
0.021* h’ 1) were used for t h i s  experiment. In the absence 
o f  l i g h t  and consequently energy supply,  carbon diox ide 
f i x a t i o n  was n e g l i g i b l e .  Furthermore, c e l l s  resuspended 
in basal s a l t s  did  not show as high a rate o f  carbon dio xide  
f i x a t i o n  as those resuspended in PM-mediurn. The r e s u l t s  
shown in Figure 1*t were taken from a s i ngl e  experiment and 
i t  became evident  over a number o f  such experiments,  that
. - I l l -
F i g .  1*t In c o rp o ra t io n  o f  [ ' ^ C ] - c a r b o n  d io x id e  by
i nta c t  c e l l s  o f  R. vann i e l i  i (RM5)
□1□ PM medium : 1 i ght
01o Basal s a l t s : 1 i ght
A - A PM medium : da rk
A - A PM medium : l i g h t  : k i l l e d  c e l l s
1 - -  1 1 2 -
f i x a t i o n  rates in the absence of  an exogenous reductant  
were v a r ia b le ,  presumabl y due to changing pool s i z e s .
The requirement for both l i g h t  and a reductant is  
i n d i c a t i v e  of  the energy dependence o f  carbon d io x id e  
f i x a t i o n  in t h i s  organism.
The a d d i t i o n  o f  an exogeneous reductant would be 
expected to g i v e  r i s e  t o  increased amounts o f  endogen o u s ly  
produced carbon d i o x i d e ,  e f f e c t i v e l y  decreasing the s p e c i f i c
1 ¿i . . .
a c t i v i t y  of  [ C ] -c a rbo n  dio x id e  over the incubation perio d .  
Thi s  was not apparent d u r in g  one hours incubation which may 
r e f l e c t  the low metabol ic  rate o f  R. vann i e l i  i (RM5) grown 
at a d i l u t i o n  rate of  0 .024 h" '  ( c u l t u r e  doubl ing t ime,  t d ,  
of  29 h ) .  However, as a p re ca u t io n ,  i t  was considered 
necessary to measure carbon dioxide f ix a t i o n  w i t h  c e l l s  
resuspended in both basal s a l t s  and complete growth medium.
The i n i t i a l  large increase in the amount o f  carbon 
diox ide app ar en tly  f i x e d  between zero and 10 min, was a 
c o n s i s t e n t l y  observed phenomenon for which no s a t i s f a c t o r y  
explanation has been found. I t  may possibly  be due to the 
t r a n s i e n t  elevated s p e c i f i c  a c t i v i t y  o f  bic arbonate on 
a dd i t i o n  of  label owing to e q u i l i b r a t i o n  o f  carbon d io x id e  
between i t s  va ri o u s forms (1 1 ) .
7 1-

3. THE KEY ENZYMES OF THE CALVIN CYCLE IN RHODOMICROBIUM
VANNIELII (RM5)
Carbon d io x id e  f i x a t i o n  by cel l  - f re e  e x tra c ts  o f  R. vann i e l i  i 
(RM5) was i nve st ig a te d  using RuBP and i t s  immediate 
precursors in the C a lv in  cycle  as po tentia l  c a rb o x y 1 at ion 
subst rat es .  The e f f e c t s  o f  p-NADH and/or ATP a d d i t i o n s ,  on 
the rates o f  carbon dio x id e  f i x a t i o n  were a ls o  examined 
( T a b l e  3 ) .  The e x tra ct  was prepared from c e l l s  grown as a 
batch c u l t u r e  on PM-medium.
Carbon dio x id e  f i x a t i o n  was st imulated by RuBP i n d i c a t i n g  
the presence of  RuBP carboxylase In R. vann i e l i  i (RM5). With 
both r i b u l o s e - 5 - phosphate (Ru5P) and r ibose -5 -p ho sp ha te  (R5P) 
as test  su bs tra te s ,  ATP and p-NADH were requ ired f o r  maximal 
a c t i v i t y .  The ATP requirement is in agreement w i t h  both 
Ru5P and R5P re q u i r i n g  conversion to RuBP by a phosphor ibulo -  
kinase before carbon dio xide  f i x a t i o n  can occ u r.  The 
decreased a c t i v i t y  o f  the carboxylase when assayed using 
Ru5P or  R5P as test  substrate,  ind icate s that the kinase e i t h e r  
hat low a c t i v i t y  or requ ire s s p e c i f i c  a c t i v a t i o n .  Although 
commercial prepa ration s o f  Ru5P have been shown t o  contain 
an i n h i b i t o r  o f  3 -hexulose phosphate synthase (Kemp, 1972),  
were t h i s  al so  a f f e c t i n g  phosphoribulokinase, increased 
a c t i v i t y  would have res ulted from the use o f  R5P rather  than 
Ru5P as substra te.  T h i s  was not the case. Furthermore,
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ADDITIONS C02 FIXATION
(nmol CO, f ix ed .
“ 1  ^ “ 1 min . m g . p ro te in  )
none 0.2
ATP 0.3
ß-NADH 0.2
ATP + ß-NADH 0.1»
R i bu lo se  1 ,5-P2 53.3
Ribulose 1 , 5 - P 2 + ATP 57.3
Ribulose 1 ,5 - P2  + ß-NADH 51».0
Ribulose 1 , 5 - P 2 + ATP + ß-NADH 57.5
Ri bu lo s e  5-P 1.2
Ribu lose  5-P + ATP 25.7
Ribulose 5-P + ß-NADH 1.5
Ribulose 5-P + ATP + ß-NADH 1»0.0
Ribose 5-P 0.5
Ribose 5-P + ATP 7.0
Ribose 5-P + ß-NADH 0.1»
Ribose 5-P + ATP + ß-NADH 22.5
Table 3 Carbon dioxide f i x a t i o n  by the sol uble f ra c t i o n  
o f  c e l l - f r e e  e xt rac ts  of  R. vann i el i i (RM5)
1 1 6  -
p re in cu ba t io n  o f  R5P with p u r i f i e d  yeast phosphoriboisomerase 
p r i o r  to s t a r t i n g  the re a c t io n ,  did not b r i n g  about any 
increase in the amount o f  carbon dioxide f ix e d ,  i n d i c a t i n g  
that  the isomerase was not rate l i m i t i n g .  In a d d i t i o n ,  no 
a p p re c i a b le  kinase a c t i v i t y  was associated with the p a r t i c u l a t e  
f r a c t i o n  of  c e l l - f r e e  e x t r a c t s .
Enhancement o f  phosphoribulokinase a c t i v i t y  by p-NADH 
has been reported for  both Rhodopseudomonas spheroi des 
( R i n d t  and Ohmann, 1969) and N i t robacter wi nogradskyi 
(Kiesow et a K  , 1977). T h i s  e f f e c t  was f u r th e r  i nve st ig a te d  
in R. vann i e l i  ? (RM5) using increasing co nce ntra t i ons  of  
B-NADH with  Ru5P (and ATP) as test  substrate ( F i g .  15) .
Uni ike R. spheroi des and N. wi noqradsky i . an absolute 
requirement for  p-NADH was not observed there being appreciable 
kinase a c t i v i t y  in i t s  absence. T hi s  may however, be due to 
p-NADH being present in c e l l - f r e e  e x t r a c t s ,  p o s s i b ly  enzyme 
bound. Further  i n v e s t i g a t io n  o f  t h i s  n ec e ss it a tes  studies 
on th e  p u r i f i e d  enzyme.
The presence o f  RuBP carboxylase,  phosphor i bul oh. i na se 
and phosphoriboisomerase in c e l l - f r e e  e x t r a c t s  o f  R. vann i e l i  i 
(RM5) ind ic at e s that the C a lv in  cycle probably functions  in 
t h i s  organism. T h i s  would be in accordance with  the energy 
dependence of  carbon diox ide f i x a t i o n  by whole c e l l s .  The 
r e s u l t s  have a ls o  indicated that  phosphoribulokinase may be a 
s i t e  o f  r e g ul a t io n  o f  carbon diox ide f i x a t i o n  based upon the 
i n t r a c e l l u l a r  concentrat ion o f  p-NADH.
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F i g .  15 The e f f e c t  of  B-NADH on r i b u l o s e  5-phosphate:
ATP dependent carbon dio x id e  f i x a t i o n  by the 
s olu ble  f ra c t io n  of R. vann i e l i  i (RM5) c e l l - f r e e
ext ract
. -  1 1 8  -
k.  EFFECT OF CARBON SOURCE ON THE LEVEL OF RuBP CARBOXYLASE 
IN CELL-FREE EXTRACTS OF RHODOMICROBIUM VANNIELII (RM5)
The p u r i f i c a t i o n  o f  RuBP carboxylase from R. rubrum ( T a b i t a  
and McFadden, 197^9) was f a c i l i t a t e d  by growth o f  the 
organism on but yr at e  as the carbon source. T h i s  res ult ed in 
a s p e c i f i c  a c t i v i t y  of  the enzyme in c e l l - f r e e  e x t r a c t s ,  far  
high er  than that found f o l l o w i n g  growth on malate and 
comparable to  that  a f t e r  photoautotro phic  growth. Whether 
t h i s  e f f e c t  could be reproduced in R. vann i e l i  i (RM5) was 
i n v e s t i g a t e d  by measuring RuBP carboxylase a c t i v i t y  in cel 1- 
f ree e x t r a c t s  a f t e r  growth on a range o f  carbon substrates 
( T a b l e  k ) .
The highest  s p e c i f i c  a c t i v i t y  was found in e x tra c ts  
o f  malate grown c e l l s  with comp arative ly  low a c t i v i t y  in 
e x t r a c t s  o f  c e l l s  grown on the  more reduced carbon substrate s.  
Furthermore,  e x t r a c t s  o f  photoautotrophical  I y  grown c e l l s  al so  
had a low s p e c i f i c  a c t i v i t y .  Growth o f  R. vann i e l i  i (RM5) 
was v e r y  poor both a u t o t r o p h i c a 1 1 y and on the more reduced 
carbon s u bs tra te s ,  in comparison to that on malate and other  
t r i c a r b o x y l i c  a cid  cycle  inte rm ed iates .  I t  is not improbable,  
in v iew o f  the energy dependence o f  the C a lv in  c y c l e ,  that 
s y n t h e s i s  o f  RuBP carboxylase is  regulated by the a v a i l a b i l i t y  
o f  reducing power, and the u t i l i s a t i o n  of  p o or ly  metabolised 
su b s t ra t e s  may not provide s u f f i c i e n t  reducing power to 
s u s ta in  enzyme synthesis.  A l t e r n a t i v e l y ,  the ro le  o f  RuBP
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Carbon Growth Substrate S p e c i f i c  A c t i v i t y
m.uni t . mg. p ro te in
sodium pyruvate 19.3
sodium pyruvate + CO2 19. 1
sodi urn malate 39.2
sodium succinate 25.6
10 mM sodium pyruvate + 10 mM 
sodi urn malate
25.7
ethanol + CO2 20.8
sodium b u ty r a te  + C02 16.8
sodium propionate + CO2 16.7
sodium acetate + CO2 13. 1
sodium l a c t a t e  + CO2 15.3
hydrogen + CO2 16.0
Table k
The e ff e c t  o f  growth substrate on the s p e c i f i c  a c t i v i t y  
o f  RuBP carboxylase in crude ce l l  e x t r a c t s  o f  R. vann i e l i  i 
(RM5)
-  1 2 0  -
carboxylase in transforming carbon dioxide into a form 
which can act  as an hydrogen acceptor  ( L a s c e l l e s ,  i 9 6 0 ) ,  
may be o f  l i t t l e  importance in Rhodomi crob i urn and d u r in g  
growth on b u t y r a t e ,  e th a n o l ,  e t c . ,  other methods adopted 
as o u t l e t s  f or  reducing power. On the assumption that  the 
in v i t r o  enzyme a c t i v i t y  is a r e f l e c t i o n  o f  enzyme s y n t h e s i s ,  
i t  is  c l e a r  th a t  RuBP carboxylase synthesis is  not 
s u b s t a n t i a l l y  repressed during growth on malate. The 
s p e c i f i c  a c t i v i t y  o f  39.2  m u n it .m g protein ' in e x t r a c t s  
o f  malate grown c e l l s  is some 5 - f o l d  gr eate r  than that 
reported f or  malate grown R. rubrum ( T a b i t a  and McFadden, 
197*ta) and t h i s  may be i n d i c a t i v e  of  a d i f f e r e n t  mode o f  
reg ula t  i o n .
5. PURIFICATION OF RH0D0MICR0BIUM VANNIELII (RM5) RuBP 
CARBOXYLASE
The p o s s i b i l i t y  of  using a o n e - s te p  p u r i f i c a t i o n  technique 
(G old th wa it e  and Bogorad, 1971) was i nve sti gated  but t h i s  
did  not r e s u l t  in an e l e c t r o p h o r e t i c a 1 1 y pure protein (see 
page 1A8). A conventional  p u r i f i c a t i o n  procedure was then 
adopted, the protocol  for which is  shown in Table 5 ,  and 
described in the M a te r i a ls  and Methods section (su bse cti on  
2 3 ) .
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The crude c e l l  e x tr a c t  was prepared from a pprox im at ely  
12 g dry  wt . o f  c e l l s .  The procedure gave a 13% y i e l d  
and an o v e ra l l  7 0 - fold  p u r i f i c a t i o n  o f  the enzyme. T h e r e f o r e ,  
the pro te in  on ly  c o n s t i t u t e d  about 2 . 6% (w/w) o f  the t o t a l  
sol uble  pro te in  present in the 120,000 g supernatant .
Enzyme e lu te d  from both U l t r o g e l  AcA22 ( F i g .  16) and 
DEAE c e l l u l o s e  ( F i g .  17) columns as a s i n g l e  peak o f  a c t i v i t y  
i n d i c a t i n g ,  on the bas is  o f  both molecular  s i z e  and o v e r a l l  
charge, the presence o f  o n ly  one form o f  RuBP carboxylase 
in R. vann i e l i  ? (RM5). Fol lowing sucrose d e n s i t y  g r a di e n t  
c e n t r i f u g a t i o n  ( F i g .  18) the enzyme was judged to be pure 
by i t  moving as a s i n g l e  band durin g e l e c t r o p h o r e s i s  on ge ls  
polymerised from k to 7.5% (w/v)  acrylami de ( F i g .  19 ) .  T h i s  
technique lessens the p o s s i b i l i t y  o f  there being contaminants 
present having s i m i l a r  charge but s l i g h t l y  d i f f e r e n t  molecula r  
weights (He drick and Smith,  1968).
The s p e c i f i c  a c t i v i t y  o f  the pure p r o t e i n ,  1.9 u n i t s ,  
mg p r o t e i n i s  s i m i l a r  to that reported for  plant RuBP 
carboxylases although somewhat higher  than that o f  most 
b a c t e r i a l  RuBP carboxylases
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Fi g.  18 C e n t r if u g a t i o n  of  t*. vann i el i i (RM5) RuBP 
carboxylase int o  a 0.2  to 0.8 M sucrose 
g r a d i e n t
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6. PROPERTIES OF THE PURIFIED RuBP CARBOXYLASE FROM 
RHODOMICROBIUM VANNI EL 11 (RM5)
a ) S t a b i l i t y  o f  RuBP carboxylase
The p u r i f i e d  enzyme was f u l l y  stable for up to one month 
when stored  at -80°C. A f t e r  storage at both k°C and -20°C, 
the enzyme had lo st  approximately 50% o f  i t s  o r i g i n a l  
a c t i v i t y  a f t e r  21 days. When b u f fe r  not co n ta i n in g  2- 
mercaptoethanol was used in enzyme p u r i f i c a t i o n ,  aggregates 
of  RuBP carboxylase was r e a d i l y  formed which could be 
separated by e le c tr o p h o re s i s  on a range o f  concentrat ions 
of  acry lam ide  gels ( F i g .  20) .  T h i s  e f f e c t  is widespread 
amongst plant  RuBP carboxylases (R.  J .  E l l i s ,  personal 
communication) and may be a cause o f  some of  the c o n t ra d i c t o r y  
re p orts  regarding the b a c t e r i a l  enzyme which have been 
discussed in the General I n t r o d u c t i o n .
b) Molecula r Wei ght
The molecular  weight o f  the RuBP carboxylase was measured by 
gel f i l t r a t i o n  on Sephadex G200 as described in the Ma te ri al s  
and Methods Section.  T h i s  gave a value o f  A30.000 ( F i g .  21) 
The d i v i s i o n  of  RuBP carboxylases int o three classes on the 
bas is  o f  molecular weight (Anderson et  ^ a]_. , 1968) has already 
been in d i c a te d .  On t h i s  b a s i s ,  the R. vann i e l i  i (RM5) 
enzyme f a l l s  between the intermediate class (m o l .w t .  2A0-  
360 , 000) and the large cl a ss  (m o l .w t .  approx. 500,000).
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F i g .  20 Polyacrylamide gel electrophoretograms o f
R. v a n n i e l i  i (RM5) RuBP carboxylase p u r i f i e d  
in the absence c f  2 -mercaptoethanol.
A 50 p,g sample was appl ied  to each gel polymerised 
from ( l e f t  to r i g h t )  7 . 5 ,  6 , 5, A . 5 and k% (w/v)  
acrylami  de.
; 3 - ' . - '
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F i g .  21 Molecular  weight est imation o f  R. vann i e l i  i
(RM5) RuBP carboxylase on a Sephadex G200 column
Moiecular  weight standards:
( 1 ) a lcohol  dehydrogenase; ( 2 ) catala se;  
( 3 ) glutamate dehydrogenase; ( 4 )  f e r r i t i n ;  
( 5 ) B -g a la c to s i da s e
Kav = Ve -  Vo 
Vt -  V0
Ve -  e l u t i o n  volume 
Vt -  bed volume 
V0 -  void  volume
13 0
c)  E ff e c t  of  pH
The optimum pH for  the RuBP carboxylase was found to be 
8.2 using T r i s - H C i  bu f fe rs  at f in a l  co nce ntr at i ons  o f  
60 mM ( F i g .  22) .  The enzyme was less a c t i v e  in phosphate 
b u f f e rs  g i v i n g  o n ly  25% of  the a c t i v i t y  seen w i t h  T r i s - H C l  
b u f f e r s  at  the same pH.
d) Cation requirement
The requirement o f  a d iv a le n t  ca t io n  for  a c t i v i t y ,  seen
w i t h  a l l  RuBP carboxylases i n v e s t i g a te d  to  date ,  was
examined using enzyme d ia ly s e d  o v e rn i g h t  against  20 mM
T r i s - H C l ,  pH 8.0 con ta in in g 5 mM EDTA. The r e s u l t s  obtained
using a range o f  d i f f e r e n t  c a t io n s  in the RuBP carboxylase
assay are shown in Table 6 . In the absence o f  a c a t i o n ,
enzyme a c t i v i t y  was n e g l i g i b l e .  A c t i v i t y  was restored  w it h
the i nc lu si on  of  Mg2 + in the assay.  The reactio n was not
however s p e c i f i c  for  Mg , w it h  Mn , Co and Ni , each
at a f inal  concentrat ion of  10 mM, g i v i n g  3 2 , 39 and 133%
2 +r e s p e c t i v e l y ,  of  the a c t i v i t y  seen with  Mg . The s u b s t i t u t i o n  
o f  Mg2 + by N i 2 + and Co2+ has been shown with  the plant  RuBP 
carb ox ylas e,  to  depend to some extent  on the age and p u r i t y  
o f  the enzyme preparation (Kawashima and Wildman, 1970).  
However, the high a c t i v i t y  observed w it h  N i 2+ is  o f  i n t e r e s t ,  
p a r t i c u l a r l y  in view o f  the s p e c i f i c i t y  o f  the R. rubrum 
RuBP carboxylase for Mg ( T a b i t a  and McFadden, 197*+a).
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f ' g -  22 The e f f e c t  of pH on R. vann i el i i (RM5) RuBP 
carb ox yla se  a c t i v i t y .
The maximum s p e c i f i c  a c t i v i t y  was 1.9 u n i t s .
. -1 p ro te in
mg
□ -  D phosphate buffer  
o - o  T r i s - H C l  buffer
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T a b l e  6 The e ffe ct  of  va r io us  cations on the a c t i v i t y  of  
p u r i f i e d  R. v a n n i e l i  i (RM5) RuBP carboxylase
Cation in Assay 
Final Concentrat ion 
o f 10mM
Speci fi  c Act i vi  ty  
( u n i t s . m g . protein ' )
% A c t i v i  t y  
with Mg2+
none 0.34 21
Mg2 + 1 .62 100
Co2 + 0.64 39
N i 2 + 2.15 133
Zn2 + 0.20 12
Mn2 + 0.52 32
Ca2 + 0 . 19 12
Fe2 + 0.32 20
Mo 2 + 0.38 23
Cu2 + 0 . 13 8
A 1 2 + 0 . 13 8
Cd2 + 0. 16 10
(1  un i t = 1 ^mol COj f i x e d . m i n " ' )
133
T h i s  may i n d i c a t e  that the conformation of  the a c t i v e  s i t e  
and the rea ction mechanism, o f  the R. vann i e l i  i (RM5) 
carboxylase may be more c l o s e l y  rel at ed to p la nt  RuBP 
carboxylases than to that o f  the R. rubrum enzyme.
Double rec ip ro ca l  p l o ts  o f  s p e c i f i c  a c t i v i t y  against
o  ,
Mg + concentr at i on  for the R. vann i ei i i (RM5) RuBP carboxylase 
gave a Km value o f  50 UM. T h i s  is  much lower than the values 
obtained for spinach ( 1 . 0  mM; Wi shnick et aj_. , 1970) ,
Pseudomonas f a c i l i s  ( 1 . 4  mM; Kuehn and McFadden, 1969),
R. rubrum (0.21 mM; T a b it a  and McFadden, 1974b),  T h i o b a c i 11 us 
i ntermed i us ( 3 - 6  mM; P ur ohi t  et_ aj_. , 1976) and Aphanocapsa 
6308 ( 0 . 3 5  mM; Codd and S te wa rt ,  1977) although s i m i l a r  
to the 20 p,M reported for  Th i obac i 1 1 u s . A2 ( C h a r l e s  and White,  
1976a).
e)  Substrate concentrat ion
Double r e ci pr oca l  p lo ts  o f  s p e c i f i c  a c t i v i t y  a ga in st  increasin g
RuBP concentr at i on  between 10 and 200 UM, gave a Km for RuBP
o f  40 UM which is  in agreement with the reported values of
14.8 y,M for Thiobaci  11 us novel 1 us (McCarthy and Ch a rl es ,  1975) ,
76 iiM for  _T. i ntermedi us (P u r o h i t  e_t a_l_. , 1976) and 53 u.M for
R. rubrum ( T a b i t a  and McFadden, 1974b). The problems associated
w it h  measuring the K for  carbon diox ide  have been discussedm
in the General I n t r o d u c t i o n .  However, double reciproca l  
p l o ts  o f  s p e c i f i c  a c t i v i t y  against  total  carbon diox ide
Ì3k -
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c o n c e n t r a t i o n ,  when provided as bicarbonate under an a i r
atmosphere, gave a Km for  t o t a l  carbon dio x id e  o f  14.3 mM
( F i g .  23).  'COj* is considered to be the a c t i v e  species
in the RuBP carboxylase rea cti on  rather  than bic arbonate
(Cooper  e_t aj_. , 1969) and although there is  u n c e rt a i n t y
re g a rd in g the conversion constants r e l a t i n g  'CC^ 1 c o n c e ntra t i o n
to b ic ar bon ate  (HCO^ ) con centrat ion (Laing e£ aj^. , 1975) ,
the d i s s o c i a t i o n  constant o f  4.71 x 10 ^ ( e q u a t i o n ,  page 8 3 )
and an assay pH of  8 . 2 ,  i n d i c a t e  a K for  ' C O - '  o f  0 .22 mM.m z
As has been found w i t h  many other  RuBP carboxylases 
i n v e s t i g a t e d ,  t h i s  va lue  is too high to e xp lai n the J_n v i v o  
a c t i v i t y  o f  the enzyme and presumably i nd ic at e s that  the 
enzyme was not f u l l y  a c t i v a t e d  (Lorimer  ¿ t  a 3 . , 1976) . In 
t h i s  c o n te x t ,  no attempt was made to measure the Km for  'C0 2 1 
under v a ry in g  magnesium ion con ce ntra t i ons .
f ) I n h i b i t i o n
The i n h i b i t i o n  of  RuBP carboxylase by 6- phosphogluconate ( 6PG) 
has been discussed in the General I n t r o d u c t i o n  as both a 
p o s s i b le  in v i v o  r e g u l a t o r y  mechanism for  carbon d i o x id e  
f i x a t i o n  and as a p ote n t ia l  means o f  c l a s s i f i c a t i o n .  When 
includ ed in the p re inc ubat ion  mi xt ur e ,  p r i o r  to i n i t i a t i o n  o f  
th e  rea cti on  with RuBP, 6PG was found to be an e f f e c t i v e  
i n h i b i t o r  o f  the R. v a n n i e l i  i (RM5) RuBP carboxylase ( F i g .  24). 
O n l y  50% o f  o r i g i n a l  a c t i v i t y  was evident  in the presence o f
«■
>
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0.3 mM 6PG, a s i m i l a r  concentrat io n to th a t  requ ire d for 
e q u i v a l e n t  i n h i b i t i o n  of  the RuBP carboxylases from spinach,
A. eut  ropha, Chromat i urn and E. h a l o p h i 1 a ( T a b i t a  and McFadden, 
1972).  T h i s  i n h i b i t i o n  is  in accord w i t h  the jt. vann iel  i i 
(RM5) RuBP carboxylase having s i m i l a r  p r o p e r t i e s  to  the la rg e  
mo le cu la r  weight c lass o f  carboxylases.
Adenine nucle ot ides  (AMP, ADP and ATP)  were found to 
have no e ffe ct  on enzyme a c t i v i t y  at c o n c e ntra t i o ns  up to 
1 mM.
g ) Quaternary  st ru c tu re
IL- vann i el i i (RM5) RuBP carboxylase was dissociated with SDS 
in the presence of  2-mercaptoethanol i n t o  two major p ro te in  
bands as revealed by e le c t r o p h o re s i s  on slab ge ls  polymerised 
from 10% (w/v)  acrylamide. These bands correspond to the 
l a rg e  and small subunits.  The larg e subunit  was p a r t i a l l y  
r es olv ed  by t h i s  gel system, i n t o  two i nd i v i d u a l  bands. The 
m o b i l i t y  of  the polypeptide subunit species in r e l a t i o n  to 
the migrat io n o f  d is so ci at e d  pro te in  standards,  gave molecular  
w e i g h ts  of  the three subunits as 56 , 200 , 53,300 and 15,700 
( F i g .  25) .
The apparent heterogeneity  of  the la rge subunit was 
f u r t h e r  inv esti gated  using SDS gels  polymerised from an 
exponential  gradient  of  7 .5  to 20% (w/v)  ac ry la mid e .  The
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F i g .  25 SDS p oly ac ryl a m id e  gel e l e c t r o p h o r e s i s  (10%
w/v g e l )  of  R. vann i e l i  i (RM5) RuBP carboxylase
Marker p r o t e i n s  were
( 1 ) bovine plasma albumin;  ( 2 ) & [k )  y - g 1 obu1 ins ; .  
( 3 ) ovalbumin;  ( 5 )  myoglobin;  ( 6 ) cytochrome C
m
ol.
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Fi g.  26 SDS e l e c t r o p h o r e s i s  ( 7 . 5  to  20% w/v exponential  
gr a di e n t  a cry la m id e  g e l )  of  v a r i o u s  p re p a r a t io n s  
obtained d u r i n g  p u r i f i c a t i o n  o f  R, vanni e l i  i (RM5) 
RuBP ca rb ox yla se
( 1 ) a f t e r  ( N H ^ S O ^  treatment (200 p. g p r o t e i n )
( 2 )  a f t e r  U l t r o g e l  AcA22 chromatography (200 u g 
protei  n )
a f t e r  sedimentation in to  0.2 to 0 .8  M sucrose 
g r a di e n t  {kS  p,g p r o t e i n )
(3 )
pure p ro te in  and enzyme s o l u t i o n  a t  stages d u r in g  p u r i f i c a t i o n  
were examined w i t h  t h i s  gel system ( F i g .  2 6 ) .  Improved 
r e s o l u t i o n  o f  the two la rg e  subunit species was o b ta i n e d .
T h i s  h e te ro g e n e i ty  was a l s o  evident  f o l lo w i n g  gel f i l t r a t i o n  
on U l t r o g e l  AcA 22. However, although a lower p r o t e i n  
loadi ng was used, the 56,200 m o l .w t .  subunit  was not apparent 
a f t e r  ( N H ^ ^  SO^ p r e c i p i t a t i o n  suggesting that  the h e t e r o ­
g e n e i t y  was a consequence o f  the p u r i f i c a t i o n  procedure.
The qu at ern ary  s t r u c t u r e ,  as revealed a f t e r  a s i n g l e  p u r i f i ­
ca t io n  step by sucrose d e n s i t y  gr a di e n t  c e n t r i f u g a t i o n  (see 
page 15*0, was not s u f f i c i e n t l y  resolved to c o n fi rm  the nature 
and cause o f  the h e te ro g e n e i ty .  However, the spinach RuBP 
carb ox yla se  p u r i f i e d  in a s i n g le  step (see page 157), a ls o  
a p p a r e n t ly  contained heterogeneous larg e subunits  ( F i g . 3 2 b ) .  
Whether these r e s u l t s  w i t h  the spinach and R,. vann i el i i (RM5) 
RuBP carbox yla ses a r i s e  as a r e s u l t  o f  p r o t e i n  a g g r e g a t i o n ,  
the p u r i f i c a t i o n  b u f f e r ,  PAGE system, e t c . ,  o r  a re  due to the 
i n t r i g u i n g  suggestion that  gene d u p l i c a t i o n  and mutation has 
occ urred  ( P u r o h i t  and McFadden, 1976) ,  awaits  f u r t h e r  
i nvest igat  ion.
Den sime tr ic  scans o f  a number of  stained ge ls  gave an 
average mole r a t i o  of  small to t o t a l  la rg e  su bu nits  of  1.15. 
With a mole cula r  weight  o f  1+30,000, the most l i k e l y  quater nar y  
s t r u c t u r e  o f  t h i s  enzyme c o n s i s t s  o f  s ix  la rg e  and s i x  small 
subu nits .  The o n l y  publ ished rep ort  o f  an RuBP carboxylase
w i t h  a s i m i l a r  s t r u c t u r e ,  is  that  o f  McFadden (1977)  working 
w i t h  P. o x a i a t i  eus.
P u r i f i c a t i o n  o f  the v a n n i e l i  i (RM5) RuBP carboxylase 
from fresh c e l l - f r e e  e x t r a c t s ,  c l e a r l y  indicated,  the presence 
o f  both la rg e  and small po lyp epti de  subu nit s.  However, 
f o l l o w i n g  storage o f  p a r t i a l l y  p u r i f i e d  enzyme ( f o l l o w i n g  35 
to  60% (w/v)  (N H ^ J j  SO^ p r e c i p i t a t i o n )  for  one month a t  4°C 
and to a le ss e r  e x t e n t ,  -20°C, p r i o r  to f u r t h e r  p u r i f i c a t i o n ,  
SDS-PAGE f a i l e d  to reveal any small p o ly p e p t i d e  su bunit s  
( F i g .  2 7 ) .  T h i s  i n d i c a t e s  the s u s c e p t i b i l i t y  o f  the small 
subunit o f  R. vann î el i i (RM5) RuBP carboxylase to p r o t e o l y s i s  
o r  othe r  forms o f  degra dat io n.  As ind icat e d  in the General 
I n t r o d u c t i o n ,  s i m i l a r  loss o f  the small subunit has been 
rep orted for  the RuBP carboxylase o f  Aphanocapsa 6308 (Codd 
and S te wa rt ,  1977) and E. h a l o p h i la (McFadden and T a b i t a ,  197A). 
Care must t h e r e f o r e  be taken in determining the q u a ter nar y  
s t r u c t u r e  and i t  is  suggested th a t  durin g p u r i f i c a t i o n ,  harsh 
treatments ( e . g .  a c i d  p r e c i p i t a t i o n )  be avoided.  In view o f  
the fact that  most RuBP carboxylases so far  c h a r a c t e r i s e d  
as la ck in g  small su b u n it s ,  have requ ired lengthy p u r i f i c a t i o n  
procedures,  a r e - e v a l u a t i o n  o f  t h e i r  quater nar y  s t r u c t u r e  may 
be i n d i c a t e d .  The development o f  rapid p u r i f i c a t i o n  procedures 
( e . g .  sucrose g r a d i e n t  c e n t r i f u g a t i o n  in f ix ed  angle r o t o r s ;  
a f f i n i t y  chromatography)  may be advantageous in t h i s  respect .
F i g .  27 SDS e l e c t r o p h o r e s i s  ( 7 . 5  to 20% w/v exponential
g r a d i e n t  acrylamide g e l )  o f  ( 1 ) R^  vann i e 1i i (RM5) 
RuBP ca rb ox yla se  and ( 2 )  enzyme p u r i f i e d  f o l lo w i n g  
storage a f t e r  ( N H ^ j S O ^  treatment  for  1 month at k°C

The o v e r a l l  s t r u c t u r e  o f  the RuBP carbox yla se  was 
examined by e l e c t r o n  microscopy using n e g a t i v e l y  stained 
pure enzyme, as des cribed in the M a t e r i a l s  and Methods 
sect ion (su bs ec t io n  6 ) ( F i g .  2 8 ) .  Although m u l t i s u b u n i t  
s t r u c t u r e s  were e v i d e n t ,  m a g n if ic a t io n  and r e s o l u t i o n  were 
i n s u f f i c i e n t  for  an e v a lu a t i o n  o f  the three  dimensional 
s t r u c t u r e  o f  the enzyme. I t  was not t h e r e f o r e  p o s si b le  
to compare the R. vann i e l i  i (RM5) RuBP ca rb ox yla se  co nta i n in g  
si x  la rg e  and s i x  small su bu n it s ,  w i t h  the RuBP carboxylase 
o f  T .  i ntermed i us examined by Purohi t  e_t a_I_. (1 9 7 6 ) .
h) CONCLUDING REMARKS ON THE NATURE OF THE R. VANNIELII 
(RM5) RuBP CARBOXYLASE
In c o n c l u s i o n ,  the RuBP carboxylase o f  R. vann i e l i  i (RM5) 
has p r o p e r t i e s  s i m i l a r  to  those o f  the l a r g e  molecular  
weight  c la s s  o f  RuBP carboxylases although a molecular  
weight  o f  430,000 is somewhat less than t h a t  assigned to 
t h i s  c l a s s .
Only  one form of  the enzyme was present  in R. vann ieli i 
(RM5) u n l i k e  the s i t u a t i o n  reported in R. spheroi des (Gibson 
and T a b i t a ,  1977a) and R. capsulata (Gibson and T a b i t a ,  1977b). 
The high mole cula r  weight and the presence o f  small su bu n it s ,  
i n d i c a t e  that  the R. vann i el i i (RM5) RuBP carb ox yla se  is
e v o l u t i o n a r i 1 y more advanced than the enzyme from R. rubrum
1 4 5  -
and the low molecular  weight enzyme from R. sphero i des and 
R. c a p s u l a t a . T h i s  is in ba s ic  agreement w i t h  morphogenetic 
e v o l u t i o n  as indi cated  by c e l l - c y c l e  complexity ( F i g .  12).  
Trie RuBP carboxylase o f  R. vann i el i i (RM5) w i l l  be f u r th e r  
considered in the context o f  the e v o lu t io n  o f  autotrophy 
in section I V  (subsection 11).  The apparent i n s t a b i l i t y  o f  
the R. vann i e l i  i (RM5) RuBP carboxylase qu a ter nar y  s t r u c t u r e  
has a ls o  been indi cated  and t h i s  fact should be borne in 
mind when i n v e s t i g a t i n g  RuBP carboxylase s t r u c t u r e .
7. ENZYME PURIFICATION BY SUCROSE DENSITY GRADIENT VELOCITY 
CENTRIFUGATION
a ) I n t  roduc"ion
G o ld thw ai te  and Bogorad (1 9 7 1 ) ,  f i r s t  reported the use of  
sucrose d e n s i t y  gradient  v e l o c i t y  c e n t r i f u g a t i o n  as a means 
o f  p u r i f y i n g  RuBP carboxylase from le af  t i s s u e .  T h i s  
technique had several advantages over  the conventional 
methods o f  RuBP carboxylase p u r i f i c a t i o n .  I t  was r e l a t i v e l y  
quick and a l s o  allowed complete recovery o f  p r o t e i n .  
Fu rth erm ore ,  several d i f f e r e n t  samples could be studied 
c o n c u r r e n t l y .  The p u r i f i c a t i o n  technique r e l i e d  on the 
u nus ua l ly  high sedimentation c o e f f i c i e n t  and molecular  weight 
o f  plant  RuBP carboxylase compared to those o f  the bulk 
p r o t e i n s .  In p l a n t s ,  where the carboxylase may represent  up
to 50% (w/w) o f  the total  so lu ble  p r o t e i n ,  f r a c t i o n s  from 
sucrose g r a d i e n t s  w i t h  RuBP carboxylase a c t i v i t y  y i e ld e d  
homogeneous enzyme In one step.
At the same time as the report  o f  Go ld th w a lt e  and 
Bogorad ( 1 9 7 1 ) ,  Romanova et  ^ aj_. (1971) In d i c a t e d  that 
sucrose de n s i ty  gr a di e n t  v e l o c i t y  c e n t r i f u g a t i o n  could be 
used In c o nju nc ti o n  w ith  ( N H ^ ^ S O ^  p r e c i p i t a t i o n ,  to p u r i f y  
the RuBP carboxylase o f  A. eut ropha Z - 1. T a b l t a  and 
McFadden (197*tc) s i m i l a r l y  used sucrose d e n s i t y  gradient  
v e l o c i t y  c e n t r i f u g a t i o n  as a one- st e p  technique to p u r i f y ,  
or  p a r t i a l l y  p u r i f y ,  a number o f  high molecula r  weight 
b a c t e r i a l  RuBP ca rb oxylas es .  These procedures a l l  Inv olved 
the use o f  swinging bucket r o to r s  and consequently  c e n t r i ­
fugation times o f  up to 2k h. Considerable  lo s s  o f  a c t i v i t y  
however, can o c c u r ,  even w i t h  t h i s  o n e - s te p  p u r i f i c a t i o n  
(G. A. Codd, U n i v e r s i t y  o f  Dundee, personal communication) .
Sucrose gr a d i e n ts  have a ls o  been e x t e n s i v e l y  used for 
equ 11 1 br  i um cent r 1 fugat 1 on . FI amm e_t a]_. ( 1 966) f i r s t  
Ind ic at e d  the advantages o f  using f ix ed  an g le  rotors  as 
opposed to swinging bucket ro to r s  for  e q u i l i b r i u m  c e n t r i ­
f u g a t i o n ,  In the separation o f  n u c l e i c  a c i d s  and mixtures 
the re of .  Gr eater  re s o l u t i o n  and Increased loa ding ca p a c it y  
were found for g r a d i e n t s  in f ixed angle r o t o r s .  Johnson e^ t al . 
(1973)  extended t h i s  technique to compare f i x e d  angle and
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swinging bucket ro to r s  for the separation o f  dens it y  
l a b e l l e d  p r o t e i n s  from u n i a b e l le d  p ro te in s  by e q u i l i b r i u m  
c e n t r i f u g a t i o n .  As w it h  n u c l e i c  a c i d s ,  f ixed angle r o t o r s  
o f f e r e d  g r e a t e r  re s o l u t i o n  and s h o rt e r  e q u i l i b r a t i o n  t imes 
than swinging bucket r o t o r s .  For both p ro te in s  and n u c l e i c  
a c id s  t h e r e f o r e ,  the f ix ed ang le r o t o r  has been the choice 
f o r  e q u i l i b r i u m  c e n t r i f u g a t i o n .
Sucrose d en si ty  g ra di en t  v e l o c i t y  c e n t r i f u g a t i o n  in 
f i x e d  an g le  rotors  has r e c e n t l y  been used (S .  N. Covey, 
U n i v e r s i t y  o f  Warwick, manuscript  in p re p a r a t io n )  for  the 
p u r i f i c a t i o n  o f  plant  messenger r i b o n u c l e i c  ac id s (RNA) 
where i n s t a b i l i t y  n e c e s s it a te s  t h e i r  rapid p u r i f i c a t i o n .  
Separation o f  RNA has been achieved w it h  c e n t r i f u g a t i o n  
t imes o f  as l i t t l e  as one hour g i v i n g  superio r  r e s o l u t i o n  
to  that  found using a swinging bucket roto r  w it h  c e n t r i f u g a t i o n  
times o f  ove r  ten hours.
In v iew o f  the unstable nature o f  the R. v a n n i e l i  i (RM5) 
RuBP ca rb o x yl a s e ,  i t  was decided to i n v e s t i g a t e  the p o s s i b le  
use o f  sucrose d e n s i t y  g r a d ! ent v e l o c i t y  c e n t r i f u g a t i o n  in 
f i x e d  a ng le  rotors  as a means o f  r a p i d l y  p u r i f y i n g  RuBP 
ca rb ox yl as es .
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b)  P u r i f i c a t i o n  o f  Rhodomicrobium v a n n i e l i i  (RM5) RuBP
carboxylase by sucrose d e n s i t y  gr adi ent  c e n t r i f u g a t i o n  
in a swinging-bucket  ro to r
A p a r t i a l  p u r i f i c a t i o n  o f  R. vann i e l i  i (RM5) RuBP carboxylase 
was achieved in a s i n g l e  step from crude c e l l - f r e e  e x t r a c t s ,  
by sedimentation int o  a f o u r - s t e p ,  0.2 to 0 . 8M dis co nt in uo us  
sucrose g r a d i e n t .  C e n t r i f u g a t i o n  was for  22 h in a 3 x 70 
swinging bucket ro to r  and the p r o f i l e  o f  a t y p i c a l  gr a di e n t  
is  shown in Figure 29- The peak o f  RuBP carboxylase a c t i v i t y  
ran s l i g h t l y  in fro nt  o f  the bulk p ro t e in s  and pigmented 
m a t e r i a l ,  the m a j o r i t y  o f  which remained a t  the  top o f  the 
g r a d i e n t .  The s p e c i f i c  a c t i v i t y  o f  the combined f r a c t i o n s  
co n t a i n in g  RuBP carb ox yla se  a c t i v i t y  was 0 .6  u n i t s . mg. p ro t e in  
rep res en tin g a 27 - f o l d  p u r i f i c a t i o n  from crude c e l l - f r e e  
e x t r a c t .  The f a i l u r e  o f  RuBP carboxylase to be completely  
separated from the bulk p r o t e i n s ,  presumably i nd i c a te s  a 
lower sedimentation c o e f f i c i e n t  than those o f  the RuBP 
carboxylases i n v e s t i g a t e d  by T a b i t a  and McFadden ( 1 9 7 4 c ) .
T h i s  is r e f l e c t e d  in the  lower molecular  weight  (4 3 0, 0 00 )  o f  
the 3 . vann i e l i  i (RM5) enzyme. A r e l a t i v e l y  broad peak of  
a c t i v i t y  for  the carb ox yla se  was ob ta i ne d ,  probably  due to 
d i f f u s i o n  o f  the p r o t e i n  over  the long c e n t r i f u g a t i o n  time. 
F a i r l y  broad peaks were al so  obtained by T a b i t a  and McFadden 
(1 9 7 4 c ) ,  Goldthwaite and Bogorad ( 1971) ,  and o t h e r  workers 
usin g t h i s  technique.
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Fi g.  29 Sucrose d e n s i t y  g ra di en t  c e n t r i f u g a t i o n  of
R^ . vann i el i î (RM5) RuBP carboxylase
25 g of  p ro t e in  as a c e l l - f r e e  e x tr a c t  was a p p l i e d  
to the g ra di en t  which was c e n t r i f u g e d  for 22 h in 
a 3 x 70 swinging bucket r o to r  (see M a t e r i a ls  and 
Methods s e c t i o n )
The choi ce o f  which swinging bucket r o t o r  i s  to be 
used,  o b v i o u s l y  i nf l uences the r es ol ut i on  that  i s  possi bl e  
and the c e n t r i f u g a t i o n  t ime requi r ed.  A bal ance has to be 
drawn between a l ong,  t h i n  c e n t r i f u g e  tube,  g i v i n g  the 
optimum r es o l u t i o n  and short est  c e n t r i f u g a t i o n  t i me,  but 
on which o n l y  small q u a n t i t i e s  of  prot ei n  can be loaded,  
and a s h o r t e r ,  wi der  c e n t r i f u g e  tube on which l a r g e r  q u a n t i t i e s  
o f  p r o t e i n  can be loaded but which gi ves poorer  r es o l u t i o n  
and l onger  c e n t r i f u g a t i o n  t imes.  For p r e p a r a t i v e  work,  a 
r ot or  taki ng tubes of  at  l east  *+0 ml c apac i t y  i s  g e n e r a l l y  
used. The need to draw t h i s  balance is not so evi dent  w i t h  
f i xed angl e  r otor s  as w i l l  be i ndi cated below.
c)  The use ) f  f ixed angl e r ot or s  for  RuBP carboxyl ase 
pur i f i  cat i on
Fi gure 30 a , b , c  represents the f r a c t i o n a t i o n  o f  l i n e a r  0 . 2  
to 0 . 8M sucrose g r adi ent s  cent r i f u g ed  In a f i x e d  angl e r o t o r ,  
as descr i bed in the M a t e r i a l s  and Methods s e c t i o n  ( subs ect i on  22) 
for  1 h,  1 h 20 min and 1 h *+0 min r e s p e c t i v e l y .  25 mg o f  
prot e i n  ( 0.8 ml )  as a crude c e l l - f r e e  ext r ac t  o f  R. vann i el i i 
( RM5) , was loaded onto each g r adi ent .  Fo l l owi ng  c e n t r i f u g a t i o n  
for  1 h the RuBP carboxyl ase peak was poor l y  separated from 
bulk p r o t e i n s  at  the top o f  the gr adi ent .  T h i s  is I nd i c at ed  
by a s p e c i f i c  a c t i v i t y  of  the pooled a c t i v e  f r a c t i o n s  of  
0 . ^5 u n i t s . m g . p r o t e i n " ^ . A f t e r  c e n t r i f u g a t i o n  for  1 h 20 min
8 0 0 0
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Fi g.  30a Sucrose d e n s i t y  gr adi ent  c e n t r i f u g a t i o n  of  
R. vanni  e i i  i (RM5) RuBP carboxyl ase
25 mg of  p r ot e i n  as a c e l l - f r e e  e x t r a c t  was 
a pp l i e d  to the gr adi ent  which was c e nt r i f u g ed  
for 1 h in an 8 x 25 f i xed angle r o t o r  (see 
Ma t e r i a l s  and Methods s ec t i on)
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F i g .  30b Sucrose den s i t y  gr adi ent  c e n t r i f u g a t i o n  of  
R. vann i el i i (RM5) RxiBP carboxylase
25 mg of  proteir ,  as a c e l l - f r e e  e x t r a c t  was 
a ppl i ed  to the gr adi ent  which was cent r i f u g ed  
for  1 h 20 min in an 3 x 25 f i xed angl e  r otor  
(see Mat er i a l s  and Methods sect i on)
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F i g .  30c Sucrose d ens i t y  g r a d i e n t  c e n t r i f u g a t i o n  of  
R^ . vann i el i i (RM5) RuBP carboxylase
25 mg of  prot ei n  as a c e l l - f r e e  e x t r a c t  was 
a p p l i e d  to the gr adi ent  which was c e n t r i f u g e d  
for  1 h *t0 min in an 8 x 25 f i xed angl e r otor  
(see Mat er i a l s  and Methods se c t i o n )
and 1 h 40 min,  the enzyme had sedimented f u r t h er  down 
t h e  gr adi ent  wi t h  improved separat i on from the bulk p r o t e i n s .  
S p e c i f i c  a c t i v i t i e s  o f  pooled a c t i v e  f r a c t i o n s  were 1.1 u n i t s ,  
mg . p r o t e i n  ' and 0.88 un i t s . mg . prot ei n  ' r e s p e c t i v e l y ,  
r epr es ent i ng  at maximum, an approximate 50- f o l d  p u r i f i c a t i o n  
from crude c e l l - f r e e  ext r act  wi t h  an i n i t i a l  s p e c i f i c  a c t i v i t y  
o f  22 muni t . mg. pr ot e i n
Peaks o f  enzyme a c t i v i t y  were not symmetrical  but 
s l i g h t l y  skewed toward the leading edge of  the sedimenting 
p r o t e i n .  T h i s  i s probably due to the technique for  f r a c t i o n ­
a t i n g  the gr adi ent  (S.  N. Covey,  personal  communication)  or  
t o  sedimenting molecules h i t t i n g  the wal l  o f  the c e n t r i f u g e  
t u b e ,  an e f f ec t  not present wi th the swi nging bucket r o t o r .  
However,  any ' wal l  e f f e c t s '  did not lead to s i g n i f i c a n t  
p e l l e t i n g  o f  RuBP carboxylase.  Furthermore,  peaks of  a c t i v i t y  
were found to be l ess broad than wi t h  gr a di en t s  from swinging 
bucket  r o t o r s ,  presumably due to l ess d i f f u s i o n  o f  p r o t e i n .
The d i s t r i b u t i o n  of  prot ei ns  wi t h i n  the sucrose gr adi ent  
a f t e r  c e n t r i f u g a t i o n  of  R. vann i e l i  i (RH5) c e l l - f r e e  t x t r a c t  
f o r  1 h 20 min,  was examined by SDS-PAGE. Di s s oc i at ed  p r o t e i n s  
from each f r a c t i o n  were separated on a 7.5 to 20% (w/v)  
exponent i al  g r a d i e n t ,  pol yacryl ami de gel ( F i g .  31 ) .  The 
l o c a t i o n  o f  the m a j o r i t y  of  pr ot ei ns  at  the top o f  the gr a di en t  
i s  c l e a r l y  i nd i c at ed.  Fr act i ons 6 and 7 contai ned the maximum
and 1 h 40 min,  the enzyme had sedimented f u r t h er  down 
the gr a di en t  wi t h  improved separat i on from the bulk p r o t e i n s .  
S p e c i f i c  a c t i v i t i e s  o f  pooled a c t i v e  f r a c t i o n s  were 1.1 u n i t s ,  
mg. p r ot e i n  ' and 0.88 u n i t s . m g . p r o t e i n  ' r e s p e c t i v e l y ,  
r epr esent i ng  at maximum, an approximate 50- f o l d  p u r i f i c a t i o n  
from crude c e l l - f r e e  e x t r a c t  wi t h  an i n i t i a l  s p e c i f i c  a c t i v i t y  
o f  22 m u n i t . mg. prot ei n
Peaks o f  enzyme a c t i v i t y  were not symmetrical  but 
s l i g h t l y  skewed toward the l eadi ng edge of  the sedimenting 
p r o t e i n .  T h i s  is probabl y  due to the technique for  f r a c t i o n ­
a t i n g  the gr adi ent  (S.  N. Covey,  personal  communication)  or  
to sedimenti ng molecules h i t t i n g  the wal l  o f  the c e n t r i f u g e  
t ube,  an e f f e c t  not present wi t h  the swinging bucket r o t o r .  
However,  any 'wal l  e f f e c t s '  did not lead to s i g n i f i c a n t  
p e l l e t i n g  o f  RuBP carboxyl as e.  Furthermore,  peaks of  a c t i v i t y  
were found to be l ess  broad than w i t h  gr adi ent s  from swi ngi ng 
bucket r o t o r s ,  presumably due to l ess  d i f f u s i o n  o f  p r o t e i n .
The d i s t r i b u t i o n  of  pr o t e i n s  w i t h i n  the sucrose gr adi ent  
a f t e r  c e n t r i f u g a t i o n  o f  R. vann i e l i  i (RM5) c e l l - f r e e  t x t r a c t  
for  1 h 20 min,  was examined by SDS-PAGE. Di ss oc i at ed p r o t e i n s  
from each f r a c t i o n  were separated on a 7.5 to 20% (w/v)  
exponent i al  g r a d i e n t ,  po l yacr y l ami de gel ( F i g .  31 ) .  The 
l o c a t i o n  o f  the m a j o r i t y  o f  p r o t e i n s  at the top of  the g r a d i e n t  
is c l e a r l y  i nd i c at ed.  F r a c t i o n s  6 and 7 contai ned the maximum
SDS e l e c t r o p h o r e s i s  ( 7 . 5  to 20% w/v 
exponential  g r a di en t  acry l ami de g e l s )  
of  f r a c t i o n s  from a sucrose d e n s i t y  
gr adi ent  c e n t r i f u g e d  for  1 h 20 min in 
an 8 x 25 f i xed angle r ot or  ( see Fig.  
30b)  25 mg R. v a n n i e l i  i (RM5) c e l l - f r e e  
ext r ac t  was a p p l i e d  to the g r a d i e n t .
100 ul  of  each f r a c t i o n  used per  gel 
t r ac k .  F r a c t i o n  1 corresponds to the 
base of  the gr adi ent  ( 0 . 8  M sucrose)
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RuBP carboxylase a c t i v i t y  and stained bands, correspondi ng 
to l arge  and small pol ypept i de subuni ts,  peak in i n t e n s i t y  
in these f r a c t i o n s .  As wi t h  gr adi ents in the swinging bucket 
r o t o r ,  RuBP carboxylase was not homogeneous wi th a number o f  
contami nat ing prot ei ns  present.
The separation o f  the R. vann i e l i  i (RM5) RuBP carboxyl ase 
from bulk prot ei ns  was improved by loading lower amounts of  
p r ot e i n  on each g r a d i e n t .  The 25 mg.protein per gr adi ent  
loadi ng used in the above experiments,  was c onsi der abl y  hi gher  
than the q u a n t i t y  o f  pr ot e i n  used for  each g r adi ent  in the 
p u r i f i c a t i o n  of  plant  ( Gol dthwai te  and Bogorad,  1971) and 
b ac t er i a l  ( T a b i t a  and McFadden, 1 9 7 ^ )  RuBP carboxyl ases.  The 
use o f  lower protei n loads was then i nvest i gat ed and the 
d i s t r i b u t i o n  of  both R. vann i e l i  i (RM5) and spinach sol ubl e 
p r o t e i n s ,  in gr adi ent s  cent r i f uged for 1 h 20 min in a f ixed 
angl e  r otor  examined ( F i g .  32 a , b ) .  In each case 5 mg. prot ei n  
( 0 . 5  ml s o l u t i o n )  was loaded onto the gr adi ent .  RuBP carboxylase 
was wel l  separated from bulk prot ei ns  which again remained at  
the top of  the g r a di en t .  Spinach RuBP carboxylase had a 
hi gher  rate o f  sedimentation than the R. vann i el i i (RM5) enzyme, 
consi st ent  wi t h i t s  hi gher  molecular  weight ( 550, 000) .  SDS-PAGE 
o f  the combined peak f r a c t i o n s  of  spinach RuBP carboxylase 
i ndi cated that  the enzyme was v i r t u a l l y  homogeneous ( F i g .  33).
Fi g.  32a Sucrose densi t y  gr adi ent  c e n t r i f u g a t i o n  
o f  spinach RuBP carboxyl ase
5 mg of  pr ot e i n  as a c e l l - f r e e  ext r ac t  
was a pp l i e d  to the gr a di en t  which was 
c e nt r i f u g ed  for  1 h 20 min in an 8 x 25 
f i xed angl e r ot o r
Fi g.  32b Sucrose d ens i t y  gr adi ent  c e n t r i f u g a t i o n  
o f  R. vann i e l i  i (RM5) RuBP carboxylase
5 mg o f  p r ot e i n  as a c e l l - f r e e  ext r ac t  
was a ppl i ed  to the gr adi ent  which was 
cent r i f u g ed  for  1 h 20 min in an 8 x 25 
f i xed angle r ot or
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Fi g.  33 SDS- el ect r ophor es i s  ( 7 . 5  t o  20% w/v exponential
g r a di en t  acrylami de g e l )  o f  spinach RuBP 
carboxyl ase p u r i f i e d  by sucrose den s i t y  gr adi ent  
c e n t r i f u g a t i o n  in a f i xed angl e r o t o r  (see F i g .  32b)
- 1 6 1  -
The above experiments have shown that  the r es ol ut i on  
of  p r o t e i n s  is dependent upon c e n t r i f u g a t i o n  t ime.  T h i s  
was f u r t h e r  demonstrated by examining the d i s t r i b u t i o n  of  
a range o f  pr ot e i n  standards w i t h i n  sucrose gr adi ent s  
c e n t r i f u g e d  in a f i xed angle r o t o r ,  ( F i g .  3^ a , b ) .  Separat i on 
of  glutamate dehydrogenase,  cat al ase and al cohol  dehydrogenase 
was v er y  much improved a f t e r  c e n t r i f u g a t i o n  for  1 h 30 min 
than for  1 h 15 min.  The d i s t r i b u t i o n  o f  these prot ei ns  
w i t h i n  the gr adi ent  a l so  corresponded to t h e i r  respect i ve  
mol ecul ar  wei ghts and sedimentat ion c o e f f i c i e n t s .  However,  
i t  i s  not proposed that  t h i s  t echni que be used for anythi ng 
o t her  than q u a l i t a t i v e  work.
The improved r e s o l u t i o n  and decreased c e n t r i f u g a t i o n  
t imes found wi t h  the f i xed angle r o t o r  in p r a c t i c e ,  may be 
pr e di c t e d  t h e o r e t i c a l l y  from a con s i de r at i on  o f  the gr adi ent  
du r i ng  c e n t r i f u g a t i o n .  A scale diagram of  a c e n t r i f u g e  tube 
in the 8 x 25 t i t a n i u m  angl e r ot or  is shown in Fi gure 35 a,b 
The sucrose gr adi ent  is represented as a s er i es  o f  bands.
In the i n c l i n e d  o r i e n t a t i o n  ( F i g . 35 a ) ,  the gr adi ent  is 
c ont r act ed to o nl y  0.61  o f  the tube l ength and there is
a cor respondi ng i ncrease in surface area of  the l i q u i d / a i r  
i n t e r f a c e .  Molecules t h er ef or e  sediment as a much narrower
band and have less d i st ance to t r av el  to reach an equi val ent
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F i g .  3k Sucrose densi t y  gr adi ent  c e n t r i f u g a t i o n
of  pr ot ei ns  in a f ixed ang l e  r otor
glutamate dehydrogenase,  mo l . wt .  3 2 0 , 000;
c at al ase,  mol . wt .  232 , 000;
alcohol  dehydrogenase,  mo l . wt .  1^ 1 , 000.
a)  c e n t r i f u g a t i o n  for  1 h 15 min
b)  c e n t r i f u g a t i o n  for  1 h 30 min
( a )
( b )
Fi g .  35 Scale diagram of  sucrose gr adi ent s  in 
i ncl i ned ( a )  and c o l l e c t i n g  ( b )  posi t i ons  
for use in an 8 x 25 t i t ani um angle r otor
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same as when the tube i s  in i t s  c o l l e c t i n g  posi t i on  ( F i g .  35 b)  
The increase in surface area of  the l i q u i d / a i r  i n t e r f a c e  
al lows for  a gr eat er  amount o f  sample to be loaded on each 
gr adi ent .  Equi val ent  r e s u l t s  from a swinging bucket r ot or  
would r equi r e  a l arger  gr adi ent  and consequently both a 
longer c e n t r i f u g a t i o n  t ime and gr eat er  sample d i l u t i o n .
The mathematical  d e r i v a t i o n  o f  these e f f ec t s  has been 
discussed by Flamm e_t a_l_. ( 1966) .
Two problems that  one would pr edi ct  may be o f  importance 
when usi ng f i xed angle rotors,  are the re- al i gnment  o f  the 
gradi ent  when moving from i n c l i n e d  ( F i g . 3 5 a )  to c o l l e c t i n g  
( F i g . 3 5 b )  pos i t i ons  and the possi ble e f f ec t s  o f  sedimenti ng 
molecules h i t t i n g  the wal l  o f  the tube.  In p r a c t i c e ,  these 
do not appear to have s i g n i f i c a n t l y  reduced r e s o l u t i o n .
In concl us i on,  the f i xed angle r ot o r  has several  advantages 
over  the swinging bucket r o t o r  for sucrose densi t y  g r a d i e n t ,  
v e l o c i t y  c e n t r i f u g a t i o n .  The high loadi ng capaci t y  per 
gradi ent  and the very  much reduced c e n t r i f u g a t i o n  t imes have 
obvious advantages.  Wi th the i n s t a b i l i t y  o f  many RuBP 
carboxyl ases and numerous other  p r o t e i n s ,  the a b i l i t y  to 
obtai n pure enzyme from whole c e l l s ,  in a matter  o f  a few 
hours,  may be of  great importance.
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Undescribed p r e l i mi nar y  experiments have i ndi cated 
that aluminium f i xed angle r ot or s  may be used in the absence
be increased t o meet the lower c e n t r i f u g a t i o n  speed that has 
to be employed. The use o f  a v e r t i c a l  c e n t r i f u g e  r otor  would 
no doubt improve r es ol ut i on  and l oadi ng c apaci t y  even f u r t h e r  
and a l l e v i a t e  any problem from ' wal l  e f f e c t s ' .
8. PARTIAL PURIFICATION OF RHODOSPIRILLUM RUBRUM RuBP 
CARBOXYLASE
The f i ndi ng t h a t  the small subuni ts of  R. vann i e l i  i (RM5) 
RuBP carboxyl ase were not always det e c t ab l e ,  casts doubt on 
the reports o f  RuBP carboxylases char act er i sed  as compri si ng 
onl y  large subuni t s .  The presence or absence of  small 
subunits has been a major c h a r a c t e r i s t i c  used in des c r i b i ng  
the possi ble e v o l u t i o n  o f  autot rophy (McFadden and T a b i t a ,  
1974; McFadden, 1975) wi t h  the enzyme from R. rubrum bei nq 
considered the most p r i m i t i v e .  In view o f  t h i s ,  i t  was 
decided that t h e  quaternary s t r u c t u r e  of  the R. rubrum RuBP 
carboxylase war r ant ed f u r t h er  i n v e s t i g a t i o n .
I t  was i n i t i a l l y  hoped to e f f ec t  a p a r t i a l  p u r i f i c a t i o n  
in one step from crude c e l l - f r e e  ext r act  by sucrose d ens i t y
of  a t i t ani um r o t o r ,  al though c e n t r i f u g a t i o n  time needs to
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gr adi ent  c e n t r i f u g a t i o n  in a f ixed angl e r otor  and then to 
examine each f r a c t i o n  o f  the gradi ent  by SOS-PAGE to l ocat e 
di s soci at ed pr ot ei ns  o c c u r r i n g  in maximum q u a n t i t y  where 
RuBP carboxylase a c t i v i t y  was at a maximum. T h i s  procedure 
would very  much reduce p u r i f i c a t i o n  time and lessen the 
chance of  possi bl e  subunit  l oss by degradat i on.  However,  
the low sedimentation c o e f f i c i e n t  and molecular  weight 
( 114, 000)  o f  the R. rub rum RuBP ca rboxy 1 a s e, d i d  not a l l o w 
for  s u f f i c i e n t  separat i on from bulk p r ot e i ns .  Consequent l y ,  
a DEAE c e l l u l o s e  chromatography step was used,  p r i o r  to 
sucrose gr adi ent  c e n t r i f u g a t i o n ,  to remove part  o f  the 
contami nat ing p r o t e i n .  The protocol  f or  t h i s  p a r t i a l  
p u r i f i c a t i o n  i s shown in T abl e  7-
As wi t h  the R. vann i el i i (RM5) enzyme, R^ . rub rum RuBP 
carboxylase el ut ed from the DEAE column as a s i n g l e  peak o f  
a c t i v i t y  i n d i c a t i n g  the presence o f  onl y  one form o f  the 
enzyme ( F i g .  3 6 ) .  Fol l owi ng sucrose densi t y  gr adi ent  c e n t r i ­
f ugat i on,  the enzyme remained close to the top o f  the gr adi ent  
w i t h  the bul k p r o t e i n s .  SDS-PAGE of  each f r a c t i o n  acros s  the 
a c t i v i t y  peak i ndi cated the presence o f  consi derabl e  contami n­
a t i n g  prot ei n  ( F i g .  3 7 ) .  However,  a stained band correspondi ng 
to a molecular  weight  o f  approxi matel y  50,000 d i d  show maximum 
i n t e n s i t y  in the f r a c t i o n  w i t h  maximum enzyme a c t i v i t y ,  
presumably the l ar ge  s u bu ni t .  Al though obv i o u s l y  not c o n c l u s i v e ,  
no stained band correspondi ng to a small subunit  was observed.
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Table 7 P a r t i a l  p u r i f i c a t i o n  of  RuBP carboxyl ase from 
phot ohet er ot r ophi ca 1 1 y grown R. rubrum
STEP SPECIFIC A C T I V I T Y  PURIFICATION 
( u n i t s . mg . p r o t e i n  ' )  FACTOR
100,000 g
for  1 h supernatant
0.010
DEAE chromatography
(pooled & concentrated 0.056 5.6
a c t i v e  f r a c t i o n s )
0.2  to 0.8 M 
sucrose gr adi ent  
(peak a c t i v e  f r a c t i o n )
0.143 14.3
1 uni t  = 1 p,mol C02 f i x e d . m i n ”
elution  vo lu m e ( m l )
Fi g.  36 DEAE c e l l u l o s e  chromatography of  f*. rubrum RuBP 
ca rboxy1ase
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Fi g.  37 Sucrose d e n s i t y  gr adi ent  c e n t r i f u g a t i o n  of
R. rubrum RuBP carboxylase
Gr adi ent  c e nt r i f u g ed  for  1 h 20 min in an 
8 x 25 f i x ed  angle r ot or
100 U1 samples from f r a c t i o n s  of  the gradi ent  
across the RuBP carboxyl ase a c t i v i t y  peak 
were examined by SDS e l e c t r o p h o r e s i s  ( 7 - 5  to 
20% w/v exponent ial  gr adi ent  acry l ami de ge l )
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T h i s  r e s u l t  i s  in agreement wi t h  the work o f  T a b i t a  and 
McFadden (197*+b). However,  the p o s s i b i l i t y  that  small 
subunits are l o s t  from the enzyme on cel l  l y s i s  remains.
9. IN VIVO STUDIES ON CARBON DIOXIDE FIXATION AND RuBP
CARBOXYLASE ACT I VI T Y IN RHOPOMICROBIUM VANNIELI I  (RM5)
The m a j o r i t y  o f  the work on the r eg u l at i on  of  carbon di oxi de 
a s s i m i l a t i o n  and RuBP carboxylase has been done usi ng 
R. rub rum, w i t h  p a r t i c u l a r l y  i n t e r e s t i n g  st udi es by Sl at er  
and Mor r i s  (1973a,  b ) .  The level  o f  RuBP carboxyl ase in 
c e l l - f r e e  e x t r a c t s  of  R. vann i e l i  i (RM5) as a response to 
carbon growth s u bs t r at e ,  has a l r eady  been shown in t h i s  
t h e s i s ,  to d i f f e r  from the reported r e s u l t s  for  R. rub rum 
( T a b i t a  and McFadden, 197^a) .  Furthermore,  the RuBP carboxylase 
o f  R. vann i e l i  i (RM5) was shown to contai n small ' r e g u l a t o r y '  
Subunits u n l i k e  the enzyme o f  R. rubrum. Wi th these points 
in mind,  i t  was decided to i nv e s t i g a t e  the r e l a t i o n s h i p  between 
RuBP carboxyl ase a c t i v i t y  and the Jjn v i vo carbon di oxi de 
f i x a t i o n  rat e  o f  R. vann i e l i  i (RM5).  T h i s  was a l s o  of  i nt e r e s t  
in view o f  the reported occurance of  ' carboxysome- 1 i k e ' 
s t r u c t u r e s  in R. v a nn i e l i  i (RM5) under c o n d i t i o n s  of  high 
carbon d i o x i d e  tension and low growth rate ( F r a n c e ,  1978).
- 173 -
a ) The changing rates of  carbon di oxi de f i x at i o n  and enzyme 
a c t i v i t y  dur i ng a batch growth cycl e on malate medium
The rate of  whole cel l  carbon di oxi de  f i x at i o n  and the a c t i v i t y  
o f  RuBP carboxyl ase in c e l l - f r e e  e xt r ac t s  at  var i ous stages 
dur ing a batch growth cycl e of  R_. vann i el i i (RM5) on malate 
medium, is shown in Figure 38 a.  The inoculum for  t h i s  
experiment was taken from a malate grown c u l t u r e  in the l a t e  
exponential  phase of  growth.  Carbon di oxi de f i x at i o n  had a 
maximum rate o f  0.54 pmol.h * . ( mg. dr y  w t ) *, at t a i ned  in the 
very  e a r l y  exponential  phase. T h i s  was a 3 i - f o l d  i ncrease 
over  the rate o f  carbon di oxi de f i x at i o n  by the inoculum.
A f t e r  t h e . e a r l y  exponential  phase, the f i x a t i o n  rate f e l l  to 
a value of  0.14 |j,mol . h” *. (mg. dry w t ) " * ,  s i mi l a r  to that  o f  the 
inoculum. The changing rate of  carbon di oxi de f i x at i o n  was 
however,  not p a r a l l e l e d  by equi val ent  changes in RuBP carboxyl ase 
a c t i v i t y .  T h i s  remained r e l a t i v e l y  constant throughout the 
growth cycl e wi t h  a maximum s p e c i f i c  a c t i v i t y  of  48 munit .mg.  
p r o t e i n " * ,  seen in mid to l ate  exponential  phase c e l l s .
The a c t i v i t y  o f  RuBP carboxylase in the p a r t i c u l a t e  f r a c t i o n  
o f  c e l l - f r e e  e x t r a c t s  remained n e g l i g i b l e  at  a l l  stages o f  
the growth c y c l e .  These r es u l t s  are c l e a r l y  d i f f e r e n t  t o  those 
reported for rubrum by S l at er  and Morr i s  ( 1973a) ,  where 
changes in RuBP carboxylase a c t i v i t y  and carbon di oxi de f i x at i o n  
rate p a r a l l e l e d  each ot her .  I t  may be impl ied from the r es u l t s  
wi t h R. vann i e 1i i (RM5),  that there is no s i g n i f i c a n t  change
Changes ¡n the a c t i v i t y  o f  RuBP carboxyl ase 
and rate o f  whole cel l  carbon di ox i de  f i x a t i o n  
dur ing a bat ch growth c y c l e  o f  R^ . vann i e 1 i i 
(RM5) on malate medium
Changes in the a c t i v i t y  of  PEP carboxyl ase 
and phosphor i bul oki nase dur i n g  a batch growth 
cycl e of  R^ . vann i el i i (RM5) on malate medium
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in the rat e  o f  synthesi s o f  RuBP carboxylase d u r i n g  the 
batch growth c y c l e  which may suggest that  in R. vann i el i i 
(RM5),  the enzyme is c o n s t i t u t i v e .  Consequent ly,  i f  
r eg ul at i on  o f  carbon d i ox i de  f i x at i o n  is effect ed by RuBP 
carboxyl ase,  as i t  would appear to be in R. rubrum, then i t  
i s brought about by changes in the degree of  i n h i b i t i o n  of  
a c t i v i t y  r at her  than by a l t e r e d  rates o f  s y nt h es i s .
However,  i t  would seem more l i k e l y  that  carbon di oxi de 
f i x a t i o n  is c o n t r o l l e d  at  another enzyme l o c a t i o n ,  possi bl y  
not d i r e c t l y  i nvol ved wi t h  the Cal v i n  c y c l e .  L i k e l y  candi dates 
would be phosphor i bul oki nase or  other  carboxyl ase enzymes 
present in R. vann i e l i  i (RM5) and the a c t i v i t i e s  o f  these 
enzymes are shown in F i gure 38b.  As wi t h  RuBP car boxy l as e,  
changes in a c t i v i t y  did not p ar al l e l  changes in carbon d i ox i de  
f i x at i o n  r at e ,  and i t  is i n t e r e s t i n g  that  the s p e c i f i c  
a c t i v i t i e s  of  the C^- carboxy 1 ases were c o n s i d e r a b l y  less than 
that o f  the RuBP carboxyl ase.
O b v i o u s l y ,  these r e s u l t s  are far from c on c l u s i v e  and 
r equi re f u r t h e r  work in or der  to be s u bs t ant i at ed .  However, 
in view o f  the close biochemical  r e l a t i o n s h i p  between R. rubrum 
and R. vann i e l i  i (RM5),  i t  is tempting to suggest that  the 
d i f f e r i n g  response in RuBP carboxylase a c t i v i t y  i s  in some 
way due to the presence o f  small subunits in the JR. v anni e1i i 
(RM5) enzyme. I t  is possi b l e  that the enzyme can e x i s t  in both
I
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act i ve  and i n a c t i v e  forms wi t h i n  the c e l l  and t hat  on 
c e l l - l y s i s ,  a l l  enzyme i s  converted to an a c t i v e  form.
On the basis o f  t h i s  hypot hesi s ,  i t  was thought t hat  an 
i nact i ve form o f  the enzyme may be present as carboxysomes, 
which would indeed break down on c e l l - l y s i s .  However,  no 
evidence could be found to support t h i s  in that  o n l y  
n e g l i g i b l e  RuBP carboxyl ase a c t i v i t y  was as soci at ed with 
the p a r t i c u l a t e  f r a c t i o n  o f  c e l l - f r e e  e x t r a c t s  and also 
u l t r a - t h i n  s ect i ons  o f  c e l l s  made at stages d u r i n g  the 
growth cycl e f a i l e d  to reveal  1carboxysome- 1 i k e 1 s t r uc t u r es  
when viewed by e l ec t r on  mi croscopy.
I t  would be i n t e r e s t i n g  to extend these s t u di es  to 
cover a range o f  organisms possessing a Cal v i n  c y c l e ,  to see 
i f  there is a c o r r e l a t i o n  between carbon d i o x i d e  f i x at i o n  
and RuBP carboxyl ase a c t i v i t y ,  and the presence o r  absence 
of  small subuni t s  in t h e i r  r es pect i ve  RuBP carboxyl ases.  
Furthermore,  w i t h  the a b i l i t y  to p u r i f y  RuBP carboxyl ase 
q u a n t i t a t i v e l y  in one step from crude cel l  e x t r a c t s ,  by sucrose 
densi ty  g r adi ent  c e n t r i f u g a t i o n ,  i t  would be o f  i nt er es t  to 
measure the abs ol ut e  amount o f  enzyme present at  stages through 
the growth c y c l e  to see i f  the measured changes in a c t i v i t y  are 
a t rue r e f l e c t i o n  o f  enzyme sy nt hesi s .
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b ) The eff ect  o f  d i l u t i o n  rate on the a c t i v i t y  o f  RuBP 
carboxylase d u r i n g  chemostat cont inuous c u l t u r e  on 
PM-med i um
To f ur t her  i n v e s t i g a t e  the control  o f  RuBP carboxyl ase 
synthesi s,  enzyme a c t i v i t y  in c e l l - f r e e  e x t r a c t s  was 
measured at a s e r i e s  o f  d i l u t i o n  rates in a chemostat,  
wi th carbon l i m i t a t i o n .  The r es u l t s  are shown in Tabl e 8 
L i t t l e  gross change occurred in a c t i v i t y  o f  the RuBP 
carboxylase wi t h  changing d i l u t i o n  rat e  a l though a c t i v i t y  
was n o t i c eabl y  h i g h er  at the lower d i l u t i o n  r a t e s ,  s i mi l a r  
to the r es u l t s  o f  S l at er  and Mor r i s  (1973a)  wi t h R. rubrum. 
However,  the low concent r at i on of  carbon t hat  was presumably 
present at low growth rates ( cf Herbert  £ t  a_j_. , 1956) ,  did 
not r es ul t  in any major i ncrease in RuBP carboxyl ase a c t i v i t y  
as suggested by Kni ght  et al_. ( 1978) .  T h i s  may then suggest 
that  RuBP carboxyl ase synthesi s is not repressed in 
R. vann i e l i  i (RM5) by the presence o f  a h e t e r o t r o p h i c  
subst rat e or  a metabol i c  d e r i v a t i v e  t h e r e o f .  T h i s  hypothesi s 
is consi st ent  w i t h  the high level  o f  RuBP carboxyl ase in cel 1- 
free e x t r a c t s  prepared f ol l owi ng growth on mal ate,  r e l a t i v e  
to that  f o l l owi ng  aut ot r ophi c  growth.
The possi b l e  occurrence of  carboxysomes at  low d i l u t i o n  
rates was i nv e s t i g a t ed  by the examination o f  u l t r a - t h i n
\
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Table 8 The ef f ec t  of  d i l u t i o n  rate on the a c t i v i t y  
o f  RuBP carboxyla s c e l l - f r e e  e x t r a c t s  of  
R. vann i e l i  i (RM5) grown in chemostat 
continuous c u l t u r e  as descr i bed in Ma t er i a l s  
and Methods section
D i l u t i o n  rate 
( h ” 1)
RuBP carboxylase a c t i v i t y  
( mu n i t . mg p r o t e i n ” ' )
0.015 27
0.026 2k
0.035 19
O.Oi+8 20
0.100 10
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of 0.026 the carbon di oxi de  tension in the chemostat vessel  
at steady s t a t e ,  var i ed  between 8 and 10.5% ( v / v ) ,  s i mi l a r  
condi t i ons to those i ndi cated by France ( 1978) .  However,  
i t  was not possi bl e  to repeat the observat i on o f  carboxysome- 
l i ke s t r uc t u r es  in F*, vann i el i i (RM5).
I t  must be emphasised that  the r e s u l t s  presented above 
for R. vann i e l i i (RM5) are onl y  p r e l i mi n a r y  and consi der abl y  
more research must be done before any c o n c l u s i v e  statements 
can be made. I t  does appear however,  that  s y nt hesi s  o f  RuBP 
carboxylase is not o f  great  importance as a mechanism for  
r egul at i on  of  carbon di oxi de  f i x at i o n  in t h i s  organi sm.
Resul ts as they stand do suggest a d i f f e r e n t  mode of  r egul at i on  
to that  observed in R. rubrum and f u r t h er  s t u di es  on these 
and other  carbon di ox i de  a s s i m i l a t i n g  aut ot rophs w i l l  no doubt 
y i e l d  some i n t e r e s t i n g  observat i ons.
SECTION IV
RIBULOSE 1 ,5-BlSPHOSPHATE CARBOXYLASE AND CARBON 
DIOXIDE FIXATION IN METHYLOCOCCUS CAPSULATUS (BATH)
1. introduction
The close physi ol ogi cal  and morphological  r e l a t i o n s h i p  
that  exi st s  between the me t h y l o t r o p h , M. capsul atus and 
the n i t r i f y i n g  b a c t e r i a ,  organisms which d er i v e  the bulk 
of  t h e i r  c e l l u l a r  carbon from carbon d i o x i d e ,  has been 
discussed in the General I n t r o d u c t i o n  and more e x t e n s i v e l y ,  
by Whittenbury and K e l l y  ( 1 9 77 ) .  Enzyme st udi es and 
r adi ot r acer  work have i ndi cat ed an unusual pat t er n of  
carbon metabolism in _M. capsul atus ( Bat h)  such that  both 
RMP and ser ine pathways o f  carbon a s s i m i l a t i o n ,  may be 
present (Reed,  1976).  With these poi nt s  in mind,  i t  was 
decided to i nvest i gat e  the p o s s i b i l i t y  t hat  some carbon 
is also assi mi l at ed in t h i s  organism os carbon di oxi de 
v i a  a Cal v i n  cycl e.
2. EVIDENCE FOR THE PRESENCE OF RuBP CARBOXYLASE AND
PHOSPHORIBULOKINASE IN METHYLOCOCCUS CAPSULATUS (BATH)
RuBP and i t s  immediate pr ecur sor s  in the C a l v i n  c y c l e ,  
r i bul ose 5 -phosphate (Ru5P) and r ibose 5 -phosphate ( R5P) ,  
were tested for t h e i r  a b i l i t y  to act  as car boxy l at i on  
substrates for  enzymes present  in the sol ubl e  f r a c t i o n  of  
c e l l - f r e e  ext r act s  of  M. capsul atus ( Bat h)  grown as a batch
c u l t u r e  (100 1 f er ment er ) .  A c t i v a t i o n  o f  carbon di oxi de  
f i x at i o n  by ATP and/or p-NADH, as reported in Ni t robacter  
Winogradsky i (Kiesow et a_K , 1977) ,  was al so i nv es t i g at ed  
( Tabl e  9 ) -
In the absence o f  any s u b s t r a t e , ' carbon di oxi de 
f i x at i o n  was n e g l i g i b l e .  Carbon d i ox i de  f i x i n g  a c t i v i t y  
was however evi dent  in the presence o f  RuBP wi t h  a s p e c i f i c  
a c t i v i t y  o f  9.k mu n i t . mg . pr o t e i n  T h i s  a c t i v i t y  was 
l ost  f o l l owi ng  heat treatment  o f  the ext r ac t  as would be 
expected for  an enz y mi c al l y  c a t al y z ed  r ea c t i o n .  Nei ther  
ATP nor  p-NADH had any s i g n i f i c a n t  e f f e c t  on the f i x a t i o n  
rate.  Ru5P and R5P both r equi r ed ATP for  a c t i v i t y  
suggesting that  these subst rat es  need t o be converted to 
RuBP vi a a phosphor i bul oki nase before carbon d i ox i de  
f i x a t i o n  can occur .  A phosphor iboisomerase,  needed to 
i nt e r c o n v e r t  Ru5P and R5P, has been p r e v i o u s l y  reported in 
M. capsul atus (Kemp, 1972) .  Wi th a l l  t hr ee  s u bs t r at es ,  a 
decrease in carbon di ox i de  f i x i n g  a c t i v i t y  was observed in 
the presence of  p-NADH, the reason for  which is at  present 
uncl ear .  T h i s  is however d i f f e r e n t  to the s t i mul at i on  of  
carbon d i ox i de  f i x a t i o n  by p-NADH observed in R. vann i e l i  i 
(RM5) ( s e c t i o n  I I I . 3 ) .  Comparat i vel y  low a c t i v i t i e s  were 
observed f or  the carboxyl ase when using e i t h e r  Ru5P or  R5P 
as t es t  s ubs t r at e.  T h i s  suggests that  the ki nase,  needed 
to convert  the pentose monophosphates t o the b i sphosphat e,
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c u l t u r e  (100 1 fer menter) .  A c t i v a t i o n  of  carbon d i o x id e  
f i x a t i o n  by ATP and/or g-NADH, as reported in Ni t robacter  
wi noqradsky i (Kiesow et aj_. , 1 977) , was a 1 so i n v e s t i g a t e d  
( T a b l e  9 ) .
In the absence of  any s u b s t r a t e , ' carbon d i o x i d e  
f i x a t i o n  was n e g l i g i b l e .  Carbon dioxide f i x i n g  a c t i v i t y  
was however evident  in the presence of  RuBP with a s p e c i f i c  
a c t i v i t y  of  9. k  munit . mg. p ro te in  T hi s  a c t i v i t y  was 
lo st  fo l low in g heat treatment o f  the extract  as would be 
expected for an e nz y m i c a l ly  catalyzed rea cti on .  Ne i th e r  
ATP nor p-NADH had any s i g n i f i c a n t  e ffe ct  on the f i x a t i o n  
r a t e .  Ru5P and R5P both required ATP for a c t i v i t y  
suggesting that  these substrates need to be converted  to 
RuBP via a phosphoribulokinase before carbon d i o x i d e  
f i x a t i o n  can occur.  A phosphoriboisomerase, needed to 
i nte rc o n v e rt  Ru5P and R5P, has been p re vi ou sl y  rep ort ed  in 
M. capsulatus (Kemp, 1972) . With a l l  three s u b s t r a t e s ,  a 
decrease in carbon d io x id e  f i x i n g  a c t i v i t y  was observed in 
the presence of  p-NADH, the reason for which is a t  present 
un cl e ar .  T h i s  is however d i f f e r e n t  to the s t i m u l a t i o n  of  
carbon diox ide  f i x a t i o n  by p-NADH observed in R. v a n n i e l i  i 
(RM5) (s e ct io n  I I I . 3 ) .  Comparatively low a c t i v i t i e s  were 
observed for  the carboxylase when using e i t h e r  Ru5P or  R5P 
as tes t  substra te.  T h i s  suggests that the k i n a s e ,  needed 
to convert  the pentose monophosphates to the b is ph os ph at e ,
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c u l tu re  (100 1 fer ment er) .  A c t i v a t i o n  of  carbon d i o x id e  
f i x a t i o n  by ATP and/or g-NADH, as reported in Ni t robacter  
wi nogradsky i (Kiesow et a_1_. , 1977) , was a 1 so i n v e s t i g a t e d  
(Ta ble 9)•
In the absence o f  any s u b s t r a t e , ' carbon dio x id e  
f i x a t i o n  was n e g l i g i b l e .  Carbon d i o x id e  f i x i n g  a c t i v i t y  
was however e vi de nt  in the presence o f  RuBP w i t h  a s p e c i f i c  
a c t i v i t y  of  9 . ^  m u n i t . mg. p ro t e in  T h i s  a c t i v i t y  was 
lost  f o l lo w i n g  heat treatment  of  the extrac t  as would be 
expected for an e n z y m i c a l ly  ca ta ly z e d  re a c t io n .  N e i th e r  
ATP nor g-NADH had any s i g n i f i c a n t  e f f e c t  on the f i x a t i o n  
rate.  Ru5P and R5P both requ ire d ATP for a c t i v i t y  
suggesting t h a t  these substra tes  need to be converted to 
RuBP via  a phosphoribulokinase before carbon d io x id e  
f i x a t i o n  can o c c u r .  A phosphoriboisomerase, needed to 
int e rco nve rt  Ru5P and R5P, has been p re v i o u s l y  repo rted  in 
M. capsulatus (Kemp, 1972) . With a l l  three s u b s t r a t e s ,  a 
decrease in carbon d i o x id e  f i x i n g  a c t i v i t y  was observed in 
the presence o f  g-NADH, the reason for  which is at  present  
unclear .  T h i s  is  however d i f f e r e n t  to the s t i m u l a t i o n  of  
carbon d i o x id e  f i x a t i o n  by p-NADH observed in R. vann i e l i  i 
(RM5) (s e c t i o n  I I I . 3 ) .  Comp aratively  low a c t i v i t i e s  were 
observed for  the carboxylase when using e i t h e r  Ru5P o r  R5P 
as test  s u b s t ra t e .  T h i s  suggests that  the k i n a s e ,  needed 
to convert  t h e  pentose monophosphates to the b is p h os ph at e ,
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is e i t h e r  present in a low amount or  el se  req u ire s 
act i vat i on.
The p o s s i b i l i t y  that phosphoribu1okinase was p a r t l y  
associated w i t h  the p a r t i c u l a t e  f r a c t i o n  o f  c e l l - f r e e  
e x tra c ts  was examined by measuring RuBP and R5P st imulated  
carbon d io x id e  f i x a t i o n  by crude c e l l - f r e e  e x t r a c t  
comprising both p a r t i c u l a t e  and so lu b le  f r a c t i o n s  ( T a b l e  10) . 
A low a c t i v i t y  for  the carboxylase was s t i l l  measured 
when R5P was used as test  su bs tra te ,  although t h i s  a c t i v i t y  
was gr e at e r  than when using onl y  the so lu ble  f r a c t i o n  o f  
c e l l - f r e e  e x t r a c t .  A d d i t io n  of  g-NADH again r e s u l te d  in a 
concentrat ion dependent decrease in a c t i v i t y .
The s p e c i f i c  a c t i v i t y  o f  carbon d i o x id e  f i x a t i o n ,  
although low in comparison to that  observed in e x t r a c t s  of  
autotrophs grown w i t h  carbon d io x id e  as t h e i r  sole source 
of  carbon, is  comparable to that found in e x t r a c t s  of  
h e t e r o t ro p h i c a 11y grown R. rubrum (s e e  section I I I . 8 and 
S l a t e r  and M o r r i s ,  1973a) and Chl or obi  urn th i osui fatoph i 1 urn 
(Tabi  ta j it  a_K , 1 9 7M • In t h i s  context  i t  shoul d be 
r e a l iz e d  that Methylococcus der iv es  most o f  i t s  carbon from 
methane without  the intermediate formation o f  carbon d i o x i d e ,  
and conse que ntly ,  carbon dio xide  f i x a t i o n  o nly  represents 
a small p ro p o rt i o n  o f  the total  carbon a s s i m il a t e d .
*
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The RuBP carboxylase a c t i v i t y  in M. capsulatus 
(Bath)  was f u r t h e r  c h a r a c te ri z e d  by a na ly s i n g  the 
products formed in the c e l l - f r e e ,  carbon d io x id e  f i x a t i o n  
assay by two dimensional chromatography, as described in 
the M a te r i a ls  and Methods se ct io n .  With enzyme p a r t i a l l y  
p u r i f i e d  by sucrose gra dien t  c e n t r i f u g a t i o n  (see t h i s  
se ct io n ,  *te), a s i n g l e  r a d i o a c t i v e  spot was detected 
( F i g .  39) which co-chromatographed w it h  3 -p h o s p ho g ly ce r ic  
acid.  Using the soluble f r a c t i o n  of  c e l l - f r e e  e x tra ct  
as source of  enzyme, two spots were d et e ct ed ,  one being 
3-phosphoglycerate and the second less intense spot,  
phosphoenolpyruvate, presumably formed from 3 -p ho sp ho g ly ce ra te  
by phosphoglyceromutase and enolase present  in the e x t r a c t .
M. capsulatus (Bath)  a s s i m il a t e s  the bulk o f  i t s  carbon 
from methane v ia  3-hexulose phosphate synthase. Thi s  
enzyme ca tal ys es the condensation of  a one-carbon un it  
( formaldehyde)  w i t h  a f iv e -c a r b o n  accep tor  (Ru5P; Ferenci 
et a]_. , 197*0 and 3 po ssible e v o l u t i o n a r y  l i n k  between 
t h i s  enzyme and RuBP carb ox ylas e,  has been discussed by 
McFadden (1975) .  To determine whether RuBP carboxylase 
a c t i v i t y  in M. capsulatus (B a th )  was mediated by t h i s  enzyme 
both so lu ble  and p a r t i c u l a t e  f ra c t i o n s  o f  c e l l - f r e e  e x tr a c t  
were assayed for  3 -hexulose phosphate synthase a c t i v i t y  
( Ta b le  11).  However, t h i s  po ss ib le  dual ro le  of  3 -hexulose
. -  1 8 8  -
Fi g.  39 Two dimensional chromatography of  the assay
products of  p a r t i a l l y  p u r i f i e d  M. capsulatus 
(Ba th )  RuBP carboxylase
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phosphate synthase was discounted because the synthase 
a c t i v i t y  was almost e n t i r e l y  associated w it h  the
carboxylase a c t i v i t y  was found in the soluble f r a c t i o n .
T h i s  data presented above has demonstrated the 
presence o f  RuBP carboxylase and phosphoribulokinase 
in e x tra c ts  o f  methane grown M. capsulatus ( B a t h ) .
3. DISTRIBUTION OF RuBP CARBOXYLASE AMONGST METHYLOTROPHS
Having found RuBP carboxylase in one m e th a ne -o x id is er  , 
a survey o f  i t s  d i s t r i b u t i o n  in othe r  s t r a i n s  was under­
taken. C e l l - f r e e  e x t r a c t s  o f  a number o f  ' t y p e  I '  and 
' ty pe  I I '  methylotrophs plus two tr ¡methylamine u t i l i s e r s ,  
bacterium C2A1 and bacterium 4B6, were tested f or  RuBP 
carboxylase a c t i v i t y  ( T a b l e  12 ) .  S i g n i f i c a n t  enzyme 
a c t i v i t y  was found o n l y  in e x t r a c t s  of  the two Methylococcus 
species examined, w i t h  M. capsulatus (Bath)  having  the 
gr e at e r  s p e c i f i c  a c t i v i t y .  The ve ry  low level  o f  a c t i v i t y  
observed in M. methan i ca ( S I )  was not f u r th e r  i n v e s t i g a t e d  
and i t s  importance is  a t  present un cl e ar .  However, the
p a r t i c u l a t e  f r a c t i o n  in crude e x t r a c t s ,  whereas the
-  191 -
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undetectable in M. methan i ca (Kemp and Qu ayle,  1966).
Since the publ ished rep ort  of  RuBP carboxylase in 
M. capsul atus ( B a t h ) ,  the enzyme has been found in 
another Methylococcus s t r a i n  (G.  Codd, U n i v e r s i t y  o f  
Dundee, personal communication) . That there are 
problems associated w i t h  the c l a s s i f i c a t i o n  of  Methylococcus 
e i t h e r  as a type I o r  type I I  m e t h a n e - o x i d i s e r , has been 
ind icated in the General I n t r o d u c t i o n .  The presence o f  
RuBP carboxylase f u r t h e r  suggests that  Methylococcus 
should belong to a t h i r d  group o f  me tha ne -o x id is er s and 
t h i s  idea w i l l  be developed l a t e r  in t h i s  se ct io n .
4. THE RuBP CARBOXYLASE OF METHYLOCOCCUS CAPSULATUS
The demonstration o f  RuBP carboxylase in a me thylotroph 
has a number o f  i m p l i c a t i o n s  both in a co n s i de ra t i o n  o f  
the e v o lu t io n  o f  au to tro p hy  and in terms o f  the o v e r a l l  
carbon metabolism o f  M. ca ps u la tu s . Fu rt h e r  stu di es  on 
t h i s  enzyme from M. capsulatus were then undertaken. 
Although a p u r i f i c a t i o n  o f  the RuBP carboxylase was 
achieved ( t h i s  s e c t i o n ,  b e ) ,  the i n a b i l i t y  to o btai n  a 
s i g n i f i c a n t l y  and c o n s i s t e n t l y  higher  s p e c i f i c  a c t i v i t y  
than that quoted in Ta b le  9 prevented a workable q u a n t i t y  
of  pure enzyme being prepared. As a consequence, many o f
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the p ro p e r t ie s  o f  the  M. capsulatus RuBP carboxylase 
were examined using crude e x tra c ts  or p a r t i a l l y  p u r i f i e d  
enzyme.
The f o l low in g p r e l i m i n a r y  studies were done using 
the so lu ble  f r a c t i o n  o f  c e l l - f r e e  extrac t  as source of  
RuBP carboxylase.  T h i s  was prepared from a la rg e  scale 
batch c u l t u r e  o f  M. capsulatus ( B a t h ) .
a)  E f f e c t  of  enzyme concentrat ion
The a c t i v i t y  o f  RuBP carboxylase was found to  increase 
l i n e a r l y  with  in cr e a s in g  concentrat ions o f  c e l l - f r e e  
ext rac t  ( F i g .  1*0).
b) E f f e c t  of  pH
The v a r i a t i o n  in s p e c i f i c  a c t i v i t y  with pH was determined 
using T r i s - H C l  b u f f e r s  ( F i g .  1+1). The optimum pH of  the 
M. capsulatus ( B a t h )  RuBP carboxylase under standard assay 
c o n d it io n s  was 7 . 6 .  As with  the R. v a n n i e l i  i (RM5) RuBP 
carb ox ylas e,  a c t i v i t y  was very  much reduced when assayed 
in phosphate b u f f e r s .
c)  E f f e c t  of  temperature
The e f f e c t  of  assay temperature on the a c t i v i t y  o f  RuBP 
carboxylase in cel I - f r e e  e x t r a c t s  of  both M. capsulatus 
(B a th )  and the mesophile,  M. capsulatus ( F o s t e r  S Davis)  was
mam ■
- 
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The e f f e c t  of  Inc re as in g co n c e n tr a t i o n  of  
M. capsui atus ( BatHT) c e l l - f r e e  e x t r a c t  on 
the a c t i v i t y  o f  RuBP carboxylase
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F i g .  ^2 The e f f e c t  of  temperature on the a c t i v i t y  o f
M. capsulatus (B a th )  and M. capsulatus ( F o s te r  
& Davis)  RuBP c i r b o x y l a s e
■F i g .  43
t im e (m in )
The a c t i v i t y  of  M. capsulatus ( B a t h )  RuBP 
carboxylase when assayed under a e ro bi c  
and anaerobic  con dit ions
Assay as in M a te r i a ls  and Methods section 
2.5  mg p ro te in  used per assay of  f in a l
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examined ( F i g .  4 2 ) .  The temperature optimum o f  the 
M. capsulatus (Bath)  enzyme was broad g i v i n g  maximum 
a c t i v i t y  between 40°C and 55°C. The enzyme o f  
M. capsulatus (F o s te r  & Davis)  had a c l e a r l y  defined 
temperature optimum of  35°C. I t  would be of  i n t e re s t  
to  examine the s t r u c t u re  of  these two carboxylases to 
a sc e rt a in  the reason for  the temperature s t a b i l i t y  of  
the M. capsulatus (B a th )  enzyme.
d) E ffe ct  o f  aerobic/anaerobic  assay c o ndit io ns
The e ffe ct  o f  a n a e r o b i c i t y  on the a c t i v i t y  of  M. capsul atus 
(Bath)  RuBP carboxylase was i n v e s t i g a t e d  by assaying the 
enzyme in 5 ml sealed conical f l a s k s ,  f lushed with  
d i - n i t r o g e n  when required ( M a t e r i a l s  and Methods, section 
I I . 18 ) .  As i nd ic at e d  in Figure 43, carboxylase a c t i v i t y  
was enhanced when assayed under anaerobic  c o n d i t i o n s ,  
•presumably i n d i c a t i v e  o f  a c o m p e t i t i v e  oxygenase a c t i v i t y  
that has been found with a l l  RuBP carboxylases thus far  
i n v e s t i g a t e d .  T h i s  e f f e c t  however,  was i n s u f f i c i e n t  to 
warrant  RuBP carboxylase assays being r o u t i n e l y  done 
anaerobi cal 1 y.
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examined ( F i g .  4 2 ) .  The temperature optimum o f  the 
M. capsulatus (B a th )  enzyme was broad g i v i n g  maximum 
a c t i v i t y  between 40°C and 55°C. The enzyme o f  
M. capsuiatus ( F o s te r  & Davis)  had a c l e a r l y  defined 
temperature optimum of  35°C. I t  would be o f  i n t e r e s t  
t o  examine the s t r u c t u r e  o f  these two carboxylases to  
a s c e rt a i n  the reason for  the temperature s t a b i l i t y  o f  
the M. capsulatus (B a t h )  enzyme.
d)  E ff e c t  of  a er obi c/ a na e ro bic  assay c o n d it io n s
The e f f e c t  of  a n a e r o b i c i t y  on the a c t i v i t y  o f  M. capsulatus 
(Bath)  RuBP carboxylase was i n v e s t i g a t e d  by assaying the 
enzyme in 5 ml sealed con ical  f l a s k s ,  f lushed w it h  
d i - n i t r o g e n  when requ ire d ( M a t e r i a l s  and Methods, section 
I I . 18) . As i nd icate d in Figure 43, carboxylase a c t i v i t y  
was enhanced when assayed under anaerobic  c o n d i t i o n s ,  
•presumably i n d i c a t i v e  o f  a c o m p e t i t i v e  oxygenase a c t i v i t y  
that has been found with a l l  RuBP carboxylases thus far  
i n v e s t i g a te d .  T h i s  e f f e c t  however, was i n s u f f i c i e n t  to 
warrant  RuBP carboxylase assays being r o u t i n e l y  done 
anaerob i cal 1y .
e) The p u r i f i c a t i o n  o f  Methylococcus capsulatus (Bath)
RuBP carboxylase
As p re v io u s ly  i n d i c a t e d ,  the major problem involv ed w it h  
the p u r i f i c a t i o n  o f  the M. capsulatus RuBP carboxylase 
was the low s p e c i f i c  a c t i v i t y  o f  the enzyme in c e l l - f r e e  
e x t r a c t s .  The p o ss ib le  use o f  sucrose d e n s i t y  gradient  
c e n t r i f u g a t i o n  as a o ne- st e p  p u r i f i c a t i o n  technique was 
i n v e s t i g a t e d ,  but w it h  both M. capsuiatus s t r a i n s ,  poor 
separation from bulk p ro t e in s  res ul te d  ( F i g .  b k ) . T h i s  
did show however, that the enzyme from both s t r a i n s  
probably has a s i m i l a r  sedimentation c o e f f i c i e n t .
A small q u a n t i t y  o f  enzyme was p u r i f i e d  from 
M. capsulatus (B a th )  using the protocol  described in 
the M a ter ia ls  and Methods section and i nd ic at e d  in T a ble  13 
The p u r i f i c a t i o n  was fol lowed by SDS-PAGE on exponential 
(7 . 5 - 2 0 %  ( w / v ) )  acrylamide  gra dien t  gels  ( F i g .  ^ 5 ) .
The enzyme gave a s i n g l e  peak o f  a c t i v i t y  on both sucrose 
gr adi ent s ( F i g .  ) and a f t e r  the second, appeared as a 
s i n g le  prote in band on gels  polymerised from 7.5% (w/v)  
acrylamide ( F i g .  h7 ) .  The procedure gave a 7 7 - f o l d  
p u r i f i c a t i o n  r e s u l t i n g  in a f i n a l  s p e c i f i c  a c t i v i t y  o f  
1.26 u n i t s . m g . p r o t e i n
Pig. z*/t Sucrose d e n s i t y  gr adi ent  c e n t r i f u g a t i o n
of  RuBP ca rb ox yla se  from ( a )  M. caps ui at us  
(B a th )  and ( b )  M. capsuiatus ( F o s t e r  &
Davi s)
3 mg p r o t e i n  as a c e l l - f r e e  e x t r a c t  was 
a p p l ie d  to each g r a d i e n t .  C e n t r i f u g a t i o n  
was f or  h in an 8 x 25 f ix ed  an g le  r o t o r
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Fig.  hS SD S-e le c tro p h o re s is  ( 7 - 5  to 20% w/v 
exponential  gradient  acrylamide g e l )  
o f  stages in the p u r i f i c a t i o n  of 
M. capsulatus (B a th )  RuBP carboxylase
1) 1st sucrose gradient  (50 p,g p r o t e i n )
2) Sephadex G200 (80 ^g p r o t e i n )
3 )  DEAE f r a c t i o n a t i o n  (100 p,g p r o t e i n )
h)  Soluble c e l l - f r e e  e x t r a c t  (200 ^g p r o t e i n )
ana
P u r i f i c a t i o n  o f  M. caps ulatus ( B a t h )  
RuBP carboxylase.  P r o f i l e  of  the 
second sucrose gra dien t
Poly ac ry la mid e  gel e lect ro phore togram  
o f  p u r i f i e d  M. capsulatus (B a th )  RuBP 
carboxylase (25 p,g p r o t e i n )
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f ) Mol ecu 1 a r weight
The molecular  weight of  the enzyme was determined by 
gel f i l t r a t i o n  on a c a l i b r a t e d  Sephadex G200 column.
Using p a r t i a l l y  p u r i f i e d  enzyme ( f o l l o w i n g  f i r s t  sucrose 
g r a d i e n t ) ,  a value of  360,000 was obtained ( F i g .  4 8 ) .
g)  Quaternary  st ru c tu re
P u r i f i e d  M. capsulatus (B a th )  RuBP carboxylase was 
d is s o c i a t e d  by SDS in the presence of  2-mercaptoethanol 
i n t o  two p ro te in  subunits as revealed by SDS-PAGE on 
10% (w/v)  acrylamide slab g e l s  ( F i g .  4 9 ) .  These corresponded 
to t h e  la rg e  and small subu nits  o f  RuBP carb ox ylas e.  The 
m o b i l i t y  o f  these p ro te ins  in r e l a t i o n  to the m o b i l i t y  o f  
d is s o c i a t e d  protein standards i nd ic at e d  molecular  weights 
o f  48,000 and 14,500 ( F i g .  5 0 ) .  No evidence was found 
suggesting large subunit h e te ro g e n e i ty  (see section I I I . 6 g ;  
P u ro h i t  & McFadden, 1976).
In v iew o f  a molecular  weight  o f  360,000,  the most 
l i k e l y  quatern ary  s t r u c t u re  o f  the enzyme, assuming equal 
numbers o f  both la rge and small s u bu nit s,  c o n s i s t s  of  s i x  
la rg e  p lu s six small subunit s.
• - 207 -
Fig.  48 Molecular  weight est im at ion  o f  M. capsulatus
(B a t h )  RuBP carboxylase on a Sephadex G200 
column. Molecular  weight standards
Fig.  k9 SD S-e le c tro p h o re s is  (1 0 % w / v  acrylamide g e l )
o f  M. capsulatus (B a th )  RuBP carboxylase
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Fig.  50 Determination o f  the molecular  weight  of
the subunits  o f  M. capsui atus (B a t h )  RuBP 
carb ox yla se  by S D S -e le c t rc p h o r e s is
2 )  &
1)
*0
3)
5)
6 ) .
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F i g .  51 E f f e c t  of  6-phosphogluconate on the a c t i v i t y
of  M. capsulatus (Bath)  RuBP carboxylase
h) Requirement fo r  a d iv a le n t  c a t io n
The cation requirement was tested using p a r t i a l l y  p u r i f i e d  
enzyme ( f o l l o w i n g  DEAE f r a c t i o n a t i o n )  d i a l y s e d  overn ight  
a gains t  20 mM T r i s - H C l  , pH 7.6 con ta in in g 5 rnM EDTA ( T a b l e  lA). 
In the absence o f  an added cation in the enzyme assay, 
a c t i v i t y  was n e g l i g i b l e .  A c t i v i t y  was however restored 
by the a dd i t i o n  o f  Mg2 + and to a lesser  e x t e n t  Mn2 + , Co2+ 
and N i 2+.
i ) I n h i b i t i o n
The e f f e c t  o f  6-phosphogluconate on RuBP carboxylase 
a c t i v i t y  has a lr e a d y been indicated in connection with 
the R. vann i e l i  i (RM5) enzyme ( s e c t io n  I I I . 6 f ) .  When 
included in the assay p r i o r  to i n i t i a t i o n  o f  the rea cti on  
w i t h  RuBP, 6-phosphogluconate was an e f f e c t i v e  i n h i b i t o r  
o f  p u r i f i e d  M. capsulatus (Bath)  RuBP ca rb oxylas e  ( F i g .  51) .  
The e ff e c t  o f  o the r  i n h i b i t o r s  was not i n v e s t i g a t e d .
j ) E ff e c t  of  su bs tra te  concentrat ion
K values for  RuBP and carbon dio xide  were determinea m
using p a r t i a l l y  p u r i f i e d  enzyme ( a f t e r  DEAE f r a c t i o n a t i o n ) .
Double rec ip ro ca l  p lo ts  o f  s p e c i f i c  a c t i v i t y  against  
inc re as in g RuBP concent rat i on between 10 and 200 pM, gave 
a Km value o f  71 pM.
. -  2 1 2  -
Table The e f f e c t  of  va r io us  d iv a le nt  c a t io n s
on the a c t i v i t y  o f  M. capsulatus (Bath)  
RuBP carboxylase
C a t i o n  in Assay S p e c i f i c  a c t i v i t y
munit.mg p r o t e i n ’ ^
none 0.07
Mg2 + 38.7
Ni 2 + 7.8
Co2 + 10.1+
Zn2 + 0.1
Mo 2 + 1.5
Mii2 + 6.5
Ca2 + 0.5
Assay as in M a t e r i a l s  and Methods section using DEAE 
f ra c t i o n a t e d  c e l l - f r e e  e x t r a c t  as source o f  enzyme
Double reci procal  p l o t s  of  s p e c i f i c  a c t i v i t y  
agai nst  carbon di oxi de concentrat i on when provi ded as 
bi car bonate under an a i r  atmosphere,  gave a Km value 
for  t ot al  carbon di oxi de o f  21 mM. T h i s  v e r y  high 
val ue presumably i ndi cat es that  the enzyme has not 
been ful 1 y act  i vated ( L or i  mer e£ aj_. , 1976) and may 
mean that  the s p e c i f i c  a c t i v i t i e s  ascr i bed t o the enzyme 
above,  have not been measured under optimum condi t i ons .  
Further  i n v e s t i g a t i o n  i nt o  the a c t i v a t i o n  and substrate 
k i n e t i c s  o f  the M. capsui atus ( Bat h)  RuBP carboxyl ase 
is t h er ef or e  warranted.
k) RuBP oxygenase a c t i v i t y
The a b i l i t y  o f  a l l  RuBP carboxylases thus f ar  examined 
to funct i on a l so  as oxygenases,  has been i ndi cat ed in the 
General I n t r o d u c t i o n .  With both DEAE f r a c t i o n a t e d  cel 1-  
' free e x t r a c t  and p a r t i a l l y  p u r i f i e d  RuBP carboxyl ase 
( a f t e r  f i r s t  sucrose g r a d i e n t )  from M. capsui at us ( B a t h ) ,  
RuBP dependent oxygen uptake was evi dent  ( T a b l e  15).
The s p e c i f i c  a c t i v i t y  o f  the oxygenase react i on 
cat al ysed by p a r t i a l l y  p u r i f i e d  enzyme was 2.3 nmol oxygen 
consumed.min"’ .mg p r o t e i n " 1. T h i s  corresponds to 0.057 u.mol 
oxygen consumed.min ^ u n i t  o f  RuBP carboxyl ase a c t i v i t y ,  
which is twi ce the val ue reported for  A.  eutropha by 
Pur ohi t  and McFadden ( 1977) .  T h i s  oxygenase a c t i v i t y  is
Tabl e 15 RuBP st imulated oxygen uptake by DEAE
f r act i onated cel I - f r e e  ext r act  and 
p a r t i a l l y  p u r i f i e d  RuBP carboxyl ase of  
M. capsulatus ( Ba t h )
Source o f  Enzyme S p e d  f i c act  i vi  ty
nmol 0,  consumed.
. - 1 L . -  J
min .mg pr ot e i n
DEAE f r ac t i o n a t e d  c e l l - f r e e
0-1e x t r a c t .  r r a c t i o n  B 
P a r t i a l l y  p u r i f i e d  RuBP
carboxyl ase ( a f t e r  f i r s t  2.3
sucrose g r a d i e n t )
Bo i l e d ,  p a r t i a l l y  p u r i f i e d  
RuBP carboxyl ase
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in accord wi t h the hi gher  RuBP carboxyl ase a c t i v i t y  that  
was measured in the absence o f  oxygen ( t h i s  s ec t i on ,  Ad) .
1) Concluding remarks on the RuBP carboxylase of  
Methylococcus capsulatus (Bath)
The r es ul t s  descr i bed above i ndi cat e  that  the st r u c t u r e  
and p r oper t i es  o f  the M. capsul atus ( Bat h)  RuBP carboxylase 
are not a t y p i c a l .  A molecular  weight o f  360,000 q u a l i f i e s  
t h i s  enzyme as an ' I n t er medi at e '  c l ass o f  RuBP carboxylase 
(Anderson et a_j_. , 1968; McFadden, 1973) ,  w h i l s t  the 
presence of  small subunits in the enzyme and the i n h i b i t i o n  
by 6-phosphogluconate have p r e v i o u s l y  o nl y  been pr oper t i es  
o f  the ' Lar ge'  c l ass of  carboxyl ases.  In conj unct i on wi t h  
the r e s u l t s  for  the R. vann i e l i  i (RM5) enzyme, t h i s  suggests 
that  t h i s  crude basi s  for  d i v i s i o n  i nt o  cl asses may not be 
broadl y  a p p l i c a b l e .
I t  is o f  i n t e r e s t  that  the M. capsul atus ( Bat h)  enzyme 
is n e i t h e r  v e r y  p r i m i t i v e  ( i . e .  low molecular  weight and 
no small subunits as in the R. rubrum RuBP carboxyl ase)  nor 
r e l a t i v e l y  advanced ( i . e .  molecular  wei ght  o f  around 
500,000 wi t h LgSg s t r u c t u r e  as in Chromat ? urn D, T h i o b a c i 1l u s , 
e t c . ) .  The i mpl i c at i o ns  that  t h i s  has on the possi ble 
e v ol ut i on  o f  autotrophy,  w i l l  be di scussed in the conclusion 
to t h i s  sect ion.
2 1 6
5 . C j -CARBOXYLASES PRESENT IN METHYLOCOCCUS CAPSULATUS 
(BATH)
Before assessing the importance of  the RuBP carboxyl ase 
i n v i v o , i t  was necessary to determine ot her  carboxyl ase 
a c t i v i t i e s  that  may be present in M. capsulatus ( B a t h ) .  
Several  types o f  carboxylase have been found in methyl o-  
t rophs and one,  phosphoenolpyruvate (PEP)  car boxyl ase,  
is an i nt egr al  part  o f  the ser i ne  pathway for  carbon 
a s s i m i l a t i o n ,  found in type I I  methylotrophs ( Lar ge  £t  aj_. , 
1962; Anthony,  1975).
The a c t i v i t i e s  of  the t hr ee  - carboxyl ases t hat  were
det ec t abl e  in e xt r ac t s  of  M. capsulatus (Bath)  are  shown 
in T abl e  16. For comparative purposes,  these enzymes 
were a l so  assayed in crude c e l l  ext r act s  o f  M. t r i  chospor i urn 
( 0B3b) ,  a type I I  methylotroph and M. methan? ca ( S I ) ,  a 
type I . . ¡ethylotroph.
The - car boxyl ases in a l l  three organisms were of  
s i m i l a r  low a c t i v i t y  except for  PEP carboxylase in 
M. t r i  chospor i urn (0B3b) .  The r e l a t i v e l y  high a c t i v i t y  in 
0B3b would be expected since t h i s  organism a s s i mi l a t es  i t s  
carbon v i a  the ser i ne pathway.  The low a c t i v i t y  o f  these 
enzymes in M. capsulatus ( Ba t h )  presumably i nd i c at es  that  a 
complete ser i ne cycl e  does not cont r i but e  g r e a t l y  to carbon 
a s s i m i l a t i o n  dur i ng growth on methane. In c onc l us i on ,
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although a t rue apprai sal  o f  the i ndi v i dual  s p e c i f i c  
a c t i v i t i e s  of  these enzymes requires t h e i r  p u r i f i c a t i o n  
(Sahl and T r u p e r ,  1977) ,  i t  can be i n f er r ed  that  C^-  
carboxyl at i on in M. capsulatus (Bath)  is not s i g n i f i c a n t  
in terms of  net carbon f i x a t i o n .
6. THE ASSIMILATION OF CARBON DIOXIDE BY INTACT CELLS 
OF METHYLOCOCCUS CAPSULATUS (BATH)
The presence o f  the key enzymes of  the C a l v i n  cycl e  in 
cel l  - f ree e x t r a c t s  of  M. capsulatus leads one to ask 
two important quest i ons.  Do these enzymes operate 
i n v i vo and i f  so,  how is t h e i r  function i nt egr at ed  i nt o 
the overal l  metabol ism o f  the c e l l ?  To begi n to answer 
these quest i ons,  a study of  carbon di oxi de  f i x at i o n  by 
whole c e l l s  of  M. capsulatus (Bath)  was undertaken.
For consi st ency ,  a l l  the f ol l owi ng experiments were done 
using c e l l s  taken from an oxygen- 1 imited chemostat at 
a d i l u t i o n  rate o f  O . I S h ’ 1 , grown on AMS-medium unless 
otherwi se i ndi cat ed.

2 2 0
The uptake o f  carbon di oxide by whole c e l l s  was 
measured as descr i bed in the Mat er i al s  and Methods 
sect i on.  When incubated in the presence o f  methane,
M. capsulatus ( Bat h)  gave a 1¡near rate o f  carbon 
di oxi de f i x at i o n  over  a 10 to 60 min per i od ( F i g .  52)  
wi t h a s p e c i f i c  a c t i v i t y  o f  0.226 ^mol carbon di oxide 
f i x e d . h " 1 (mg dry wt o f  c e l l s ) ’ 1. No s i g n i f i c a n t  
uptake of  carbon di oxi de was observed on incubat i on in 
the absence of  methane. T h i s  methane requirement,  
presumably as source o f  energy,  would be expected being 
akin to the requirement o f  l i g h t  for  carbon di oxi de 
f i x a t i o n  in R. vann i e l i  i (RM5).  In view o f  the oxi dat i on 
of  non-growth substrates by M. capsulatus ( S t i r l i n g  and 
Dal t on,  1977) ,  i t  would be of  i nt erest  to examine these 
as potent i al  energy sources to support carbon dioxide 
f i x at  i on.
Assuming a formula for  cel l  mater ial  o f  ,
which has been demonstrated for a number o f  methylotrophs 
(Mac I ennan et £ [ ,  , 1971; Gol dberg £t  aj_. , 1976) ,  a value 
may be c a l cul at ed for  the percentage of  ce l l  carbon 
a r i s i n g  from carbon di ox i de  in the above s i t u a t i o n .  On 
the basis o f  a s p e c i f i c  a c t i v i t y  of  0.226 p,mol.carbon 
di oxi de  f i xed. h  1 (mg dry wt of  c e l l s )  1 for  chemostat 
grown c e l l s  (D = 0.15 h " ' ) ,  approximately 2.5% (w/w) of  
the cel l  carbon o r i g i n a t e d  from carbon d i ox i de .  Because
of  unc e r t a i n t y  regarding the carbon di oxi de c onc ent r at i on  
wi t h i n  the chemostat c u l t u r e ,  d i r e c t  measurement of  
carbon di ox i de  uptake was not p o s s i b l e ,  and consequent l y ,  
resuspension o f  c e l l s  in fresh medium was r equi r ed.
With the physi ol ogi cal  e f f ec t s  t hat  t h i s  procedure almost 
c e r t a i n l y  has,  the val ue o f  2 . 5% (w/w) may wel l  be v e r y  
d i f f e r e n t  to the t rue value.  However,  i t  i s probable 
that  under the p a r t i c u l a r  growth c on d i t i o n s  i n v e s t i g a t e d ,  
carbon di oxi de is not a major source of  ce l l  carbon.  I t  
must a l so be kept in mind that  t h i s  c a l c u l a t ed  value 
represents a l l  carbon di oxi de f i x a t i o n  and not j u s t  that  
mediated by RuBP carboxylase.  Even so, the s p e c i f i c  
a c t i v i t y  o f  RuBP carboxylase in c e l l - f r e e  e x t r a c t s  
prepared from the same c u l t u r e  was 6 muni t . mg. pr ot e i n  
a lower val ue than that found p r e v i o u s l y  in e x t r a c t s  o f  
batch c u l t u r e  grown c e l l s .  Thi s  may i ndi c at e  that  under 
d i f f e r e n t  c o n d i t i o n s ,  where hi gher  RuBP carboxyl ase 
a c t i v i t i e s  have been measured, carbon di ox i de  f i x a t i o n  may 
assume gr eat er  importance.
« »
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The high energy requirement in terms o f  both ATP 
and NAD(P)H,  o f  carbon di oxi de f i x a t i o n  by a Cal v i n  
cycl e mechanism, has a l r eady  been i ndi cated.  Furthermore,  
the probable l i m i t a t i o n  o f  growth by NAD(P)H in most 
methylotrophs has been discussed by Anthony ( 1978) .  In 
view o f  t h i s ,  i t  would not be unreasonable to expect a 
lower rate o f  carbon di oxi de f i x a t i o n  in a c u l t u r e  
grown on n i t r a t e  or  di - ni t r ogen rat her  than ammonia as 
ni t rogen source,  both o f  which need to be reduced to 
the o x i dat i on  level  o f  ammonia before a s s i mi l a t i o n .  
However,  the s p e c i f i c  a c t i v i t i e s  o f  RuBP carboxylase and 
carbon d i ox i de  f i x a t i o n  measured in chemostat grown 
M. capsulatus ( B a t h ) ,  wi t h e i t h e r  di -ni  trogen or  ammonia 
as n i t r ogen source ar e  compared in Table 17, and l i t t l e  
d i f f e r en c e  is evi dent  between the two. T h i s  may suggest
Table 17 E f f e c t  o f  ni t rogen source on the s p e c i f i c  a c t i v i t y  
o f  RuBP carboxylase and carbon di oxi de  f i x a t i o n  in 
M. capsul atus (Bath)
ammonia grown 
cel 1 s
RuBP carboxylase C09 f i x a t i o n  rate
-  1 z _ i
muni t . mg. protei n ^mol .h .mg dry wt
6 0.226
di -ni t rogen grown 
cel 1 s
7 0.243
that  the a v a i l a b i l i t y  o f  reducing power does not 
s i g n i f i c a n t l y  i nf l uence carbon di oxi de f i x a t i o n  dur ing 
growth o f  M. capsul atus (Bath)  on methane.
I t  was shown e a r l i e r  in t h i s  sect ion ( A j ) , that
the _i_n v i t r o  Km of  the M. capsulatus ( Bath)  RuBP
carboxylase for  carbon di oxi de (21 mM), was too high
to a l l ow for  carbon d i ox i de  f i x a t i o n  under physi ol ogi cal
c ondi t i ons .  A s i m i l a r  s i t u a t i o n  has been reported for
plant  RuBP carboxyl ases and yet i t  was found that  the
Km for carbon di oxi de uptake by i nt ac t  c hl o r o p l as t s
was some 20- fol d  smal l er  than that  o f  the i sol at ed
enzyme (Jensen and Bassham, 1966).  The Km for  carbon
di oxi de  f i x a t i o n  by i nt ac t  c e l l s  o f  M. capsulatus (Bath)
• 1 kwas determined using i ncreasi ng concent rat i ons o f  [  03-
carbon di ox i de .  Double reci procal  p l ot s  of  s p ec i f i c  
a c t i v i t y  agai nst  carbon di oxi de concentrat i on gave a 
value for  ' t o t a l  carbon d i o x i d e 1 o f  0.86 mM ( F i g .  5 3) ,  
consi der abl y  less than the _i_n v i t ro Km o f  RuBP carboxyl ase 
and c l os er  to the l i k e l y  physi ol ogi cal  carbon di oxi de 
concent r at i on .
total ( C O ? )  mM
(C02)mM
( a)  Ef f ect  of  carbon di oxi de  concent r at i on  on 
i t s  i ncor por at i on  by i ntact  
M. capsui  atus ( Bat h)  and
( b)  Determinat ion o f  K (carbon d i o x i d e )
7. THE LABELLING OF POOL METABOLITES FOLLOWING INCORPORATION
OF f ’ ^Cl-CARBON DIOXIDE BY METHYLOCOCCUS CAPSULATUS (BATH)
In or der  to a s c e r t a i n  the fate o f  carbon di oxi de as s i mi l a t ed
by M. capsulatus ( B a t h ) , the e a r l y  time course of  l a b e l l i n g
1*+o f  pool metabol i tes fol l owi ng f i x at i o n  o f  [  C] - car bon 
di ox i de  by chemostat grown c e l l s ,  was examined. In vi ew of  
the possi bl e  i nf l uence of  growth temperature on metabol ism 
in M. capsulatus ( Bat h)  (Reed,  1976) ,  i ncor por at i on  o f  [ 1 i+C ] -  
carbon di oxi de was measured wi t h  c e l l s  taken from two steady 
s t a t es ,  the f i r s t  at  it5°C and the second at  35°C. L i t t l e  
change in c u l t u r e  dry weight accompanied the change in 
growth temperature,  remaining at  approxi matel y 4 mg.ml ' .
The i n i t i a l  rates of  i ncor porat i on o f  carbon di ox i de  
were s i m i l a r  for  c e l l s  taken from each steady state but 
remained l i ne ar  for  k min at i+5°C agai nst  o n l y  2 min at  35°C 
( F i g .  5*+). Ethanol  soluble r adi o a c t i v e  metabol i tes were 
separated by chromatography ( F i g .  55) and i d e n t i f i e d  as 
descr i bed in the Mat er i a l s  and Methods sect i on.  The amount 
o f  r a d i o a c t i v i t y  in each metabol i t e  as a percentage o f  the 
t ot al  r a d i o a c t i v i t y  in the sample at var i ous  time i n t e r v a l s ,  
is shown in Tabl es 18 and 19. Data for the more important 
metabol i tes is a l so  presented g r a p h i c a l l y  in Fi gures 56 and 57
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Fi g.  56 D i s t r i b u t i o n  o f  label  i ncor por at ed from 
r ' - ca rbon di ox i de  by M. capsul atus 
( B a t h )  at  45°C
□ - □ 3 - phos ph ogl y c er at e
■ - ■ a l l  phosphate e s t e r s
0 - 0 a s par t at e
♦ -
♦ gl utamate
0 - 0 se r i n e  + g l yci ne
F i g .  57 D i s t r i b u t i o n  o f  label  i ncor por at ed from
14/

At 45°C, negat i ve slopes f or  percentage p l ot s  were
recorded for 3 - phos phogl ycer at e , a s par t at e ,  malate and
c i t r a t e  presumably i nd i c at i ng  at least  two ports o f  ent r y
for  carbon di oxi de.  The negat i ve slope o f  i ncor porat i on
i nt o  3 - phosphogl ycerate,  which at  the. e a r l i e s t  sampling
1 kt ime (10 s) , accounted for 27% o f  the C on chromatogram,
is in accord wi t h  the _iji vi  vo a c t i v i t y  o f  RuBP carboxyl ase.
A n eg at i v e  slope o f  i ncor porat i on  was a l so measured for
t ot al  phosphate est er s  which suggests that  at  least  part
o f  the 3 -phosphoglycerate is f u r t h e r  metabol ised by way
o f  RMP/Calvin c yc l e  r eact i ons.  The negat i ve slopes of
i nc or por at i on  i nt o aspar t at e ,  malate and c i t r a t e  probably
r e f l e c t  car boxyl at i on react i ons o f  metabol i t es  y i e l d i n g
d i c a r b o x y l i c  aci ds which may be t ransaminated to
a s p a r t a t e .  In t h i s  p a r t i c u l a r  exper i ment ,  C ^ - c ar b o x y l a t i o n
14accounts for a gr eat er  proport i on  o f  the f ixed C than 
RuBP carboxyl ase.  However,  a v e r y  low RuBP carboxylase 
a c t i v i t y  was recorded in c e l l - f r e e  e xt r ac t s  (6 munit.mg.  
p r o t e i n  and - c a r b o x y 1 a t i on may assume r e l a t i v e l y  l ess 
importance in c u l t u r e s  whe.e RuBP carbox/lase a c t i v i t y  in 
ce l l  e x t r a c t s  is hi gher .  The p o s i t i v e  slope o f  i nc o r p ­
o r a t i o n  i nto glutamate,  which a f t e r  2 min accounts for  the 
hi ghest  percentage of  on the chromatograms, is probably 
i n d i c a t i v e  o f  the absence of  2- o x o g l u t a r a t e  dehydrogenase 
in M. capsulatus (Davey et a K  , 1972; Patel  £ t  a_K , 1975) .
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The lack o f  substant i al  l a b e l l i n g  o f  t r i c a r b o x y l i c  acid
cycl e  i ntermedi ates i s al so suggest i ve of  t h i s  enzyme
d e f i c i e n c y .  Of  p a r t i c u l a r  i nt er es t  i s  the low percentage
o f  label  appearing in ser i ne and g l y c i n e ,  compounds which
were h e a v i l y  l a b e l l e d  in the experiments of  Reed ( 1976) ,
1 Zx
from [ C ] - f o r mat e .  T h i s  would seem t o argue agai nst  a 
ser ine pathway oper at i ng as a c y c l i c  ser i es  of  react i ons 
for  carbon a s s i m i l a t i o n  in M. capsul atus ( Bath)  dur ing 
growth at  45°C, and al so i n d i r e c t l y  suggests,  that  
formate carbon i s  not onl y  a s s i mi l a t e d  as carbon di oxi de.
The l a b e l l i n g  pattern o f  the c u l t u r e  grown at 35°C 
was very  d i f f e r e n t  t o that  at kS°C. At  a l l  t i mes,  aspartate 
accounted for  the hi ghest  percentage o f  r a d i o a c t i v i t y  on 
the chromatograms,  being over  50% at  10 s and having a 
negat i ve slope o f  i nc or por at i on .  Negat ive slopes of  
i ncor porat i on  were al so recorded for ser ine plus gl y c i ne  
and 3 - phosphogI ycerat e,  though these on a percentage bas i s ,  
were o f  far  less s i g n i f i c a n c e .  T h i s  e a r l y  l a b e l l i n g  of  
ser i ne and g l y c i n e  may be due to 3 - phosphogl ycerate being 
converted to ser i ne by ox i dat i on  and t ransaminati on rather  
than bei ng f u r t h er  metabol ised vi a a ser i es of  phosphate 
est ers as part  o f  a RMP/Calvin c y c l e .  However,  in view of  
the heavy l a b e l l i n g  o f  as pa r t at e ,  the l a b e l l i n g  o f  serine 
and g l y c i n e  may al so i ndi cat e  i ncreased importance of  C j -  
carboxy 1 a t i ons  as part  of  a ser i ne c y c l e  of  react i ons.
The percentage d i s t r i b u t i o n  curves o f  assi mi l at ed 
carbon wi th t ime do not i n d i c a t e  the absol ute amount
i ¿1
o f  C per metabol i te and consequent ly do not a l l ow for 
a d i r e c t  comparison of  l a b e l l i n g  at it5°C and 35°C.
F i gu r e  58 a , b , c  show the q u a n t i t a t i v e . v a 1ues o f  r adi o ­
a c t i v i t y  per metabol i te for  a s p a r t a t e ,  3 - phosphogl ycerate 
and ser ine plus g l y c i n e ,  at both 35°C and U5°C. T h i s  
shows that the actual  rate o f  i ncor porat i on i nto ser i ne 
pl us gl y c i ne  d i f f e r s  l i t t l e  between the two temperatures 
which would not be expected i f  the e a r l y  l a b e l l i n g  of  
ser i ne  plus g l y c i n e  at 35°C r ef l ec t e d  a s h i f t  in metabol ism 
from an RMP c y c l e  to a ser i ne  cyc l e .  There is c l e a r l y
1 li f , # Q
however,  more C a s s i mi l at ed  i nto aspar t at e at 35 C than
at U5°C, and l ess i nto 3 - phosphog1y c e r a t e . T h i s  i nd i c at es
that  the s h i f t  in growth temperature from i+5°C to 35°C has
e f f e c t i v e l y  increasedthe importance of  - c ar b o xy 1 at i on
r eac t i ons .  Whether t h i s  represents a major change in the
pathways o f  carbon metabol ism or  simply i ndi cates d i f f e r e n t
temperature optima for  the carboxylase enzymes, awaits
f u r t h e r  i n v e s t i g a t i o n .  I t  i s  however of  i nt er est  in vi ew
. li*o f  the a l t e r e d  pattern of  met abol i t e  l a b e l l i n g  from [  C ] -
methanol and formate,  on change of  growth temperature 
(Whi t tenbury _et a_l_. , 1976).  T h i s  w i l l  be f ur t h er  discussed 
at the end of  t h i s  sect i on,  when consi der i ng the i n t e g r a t i o n  
o f  RuBP carboxylase and phosphor ibulokinase i nto the carbon 
metabol ism o f  M. capsulatus ( B a t h ) .
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The percentage d i s t r i b u t i o n  curves o f  a s s i m i l a t e d  
carbon wi t h  time do not  i nd i c at e  the absol ut e amount
li.
o f  C per met abol i t e  and consequent l y  do not a l l o w  for 
a d i r e c t  comparison o f  l a b e l l i n g  at  b5°C and 35°C.
F i gur e  58 a , b , c  show the q u a n t i t a t i v e  val ues o f  r a d i o ­
a c t i v i t y  per me t a b o l i t e  for  a s p a r t a t e ,  3 - phosphogl ycer at e  
and ser i ne plus g l y c i n e ,  at  both 35°C and bS°C. T h i s  
shows that the act ual  rate of  i n c o r p o r a t i o n  i nt o  ser i ne  
pl us g l y c i n e  d i f f e r s  l i t t l e  between the two temperatures 
which would not be expected i f  the e a r l y  l a b e l l i n g  of  
ser i ne  plus g l y c i n e  a t  35°C r e f l e c t e d  a s h i f t  in metabol ism
from an RMP c yc l e  to a ser i ne c y c l e .  There is c l e a r l y
1 Ll . o
however,  more C a s s i m i l a t e d  i nt o  a s pa r t at e  at  35 C than
at b$°C , and less i n t o  3-phosphogl  ycer at e .  T h i s  i nd i c at es
that  the s h i f t  in growth temperature from b5°C to 35°C has
e f f e c t i v e l y  increasedthe importance o f  -ca rboxy 1 at  ion
r eac t i ons .  Whether t h i s  represents a major  change in the
pathways o f  carbon metabol ism or  si mpl y i nd i c at e s  d i f f e r e n t
temperature optima f o r  the carboxyl ase enzymes,  awai ts
f u r t h e r  i n v e s t i g a t i o n .  I t  is however o f  i n t e r e s t  in view
1 bo f  the a l t e r e d  p a t t e r n  of  met abol i t e  l a b e l l i n g  from [  C ] -
methanol and formate,  on change o f  growth temperature 
(Whi t t enbur y  et £] . .  , 1976) .  T h i s  w i l l  be f u r t h e r  discussed 
at  the end of  t h i s  s e c t i o n ,  when c o ns i der i ng  the i n t e g r a t i o n  
o f  RuBP carboxyl ase and phosphor i bul oki nase i nt o  the carbon 
metabol ism of  M. caps ul at u s  ( B a t h ) .
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1 UFi g.  58a I n c o r p o r a t i o n  o f  l abel  from [  C l -
carbon d i o x i d e  i nt o  a s pa r t at e  by 
M. capsul atus ( B a t h )
Fi g .  58b I n c o r p o r a t i o n  o f  l abel  from r ^ C ] -
carbon d i ox i de  i nt o  3 - phosphog1 ycer at e  
by M. capsul atus ( B a t h )
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14Fi g.  58c I nc o r p o r a t i o n  o f  label  from [  C -
carbon di ox i de  i n t o  ser i ne + g l y c i n e  
by M. capsul atus ( Bat h)
«
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8 . THE STATUS OF RuBP CARBOXYLASE AND THE CALVIN CYCLE 
IN METHYLOCOCCUS CAPSULATUS (BATH)
The precedi ng experiments have shown that  RuBP carboxyl ase 
does funct i on in M. caps ul at  us ( B a t h ) .  The p at t er n  of  
l a b e l l i n g  from [ ^ C l - c a r b o n  di oxi de at  i*5°C i s  s i m i l a r  to 
that  reported for  many t ypes  of  bac t e r i a  wi t h  C a l v i n  c y c l e s ,  
when grown n o n- au t o t r o p h i c a  1 1 y ( Fui 1 er  e_t aj_. , 19 6 1 ;
Anderson and F u l l e r ,  1967a,b;  S l a t e r  and M o r r i s ,  1973b) .
In answering the second quest i on  posed on page 218, o f  how 
RuBP carboxyl ase and phosphor i bul oki nase are i n t e g r at e d  
i nt o  the o v e r a l l  carbon metabol ism of M. caps ul at us  ( B a t h ) ,  
i t  is tempting to ask whether  a f u nc t i oni ng  C a l v i n  c y c l e  
can be mai ntai ned in t h i s  organi sm as sole carbon a s s i m i l a t i o n  
pa t hwa y ?
RuBP carboxyl ase and phosphor i bul oki nase a p a r t ,  the 
onl y  ot her  enzyme(s)  o f  the Cal v i n  c y c l e  whi ch ar e  not 
a l r eady  present  in M. capsul atus ( Ba t h )  as par t  o f  the RMP 
pathway,  are f ruct ose and sedoheptul ose b i sphosphatases. 
However,  i t  i s  possi b l e  t o c o ns t r uc t  a h y pot het i c a l  v a r i a n t  
o f  the C al v i n  c y c l e  not i n v o l v i n g  sedoheptulose bisphosphatase 
( F i g .  1 b)  and in R. pal ust  r i s , both o f  these a c t i v i t i e s  
r esi de wi t h  a s i ng l e  enzyme ( Spr i nggat e  and Stachow,  1972) .
A low l evel  o f  f ruct ose b isphosphatase was det ect ed in 
c e l l - f r e e  e x t r a c t s  o f  M. caps ul at us  ( Bat h)  w i t h
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a s p e c i f i c  a c t i v i t y  of  4 . 8  muni t . mg. prot ei n  I t  is 
evi dent  t h e r e f o r e ,  that al though some enzymes ar e  present 
appar ent l y  at low s p e c i f i c  a c t i v i t y ,  the bas i c  machinery 
of  the Cal v i n  c y c l e  is present in t h i s  organism.
Formate,  e t h anol ,  hydrogen and ammonia are a l l  
ox i d i s ed  by M. capsulatus ( Bat h)  ( R.  Whi t t enbu r y ,  personal  
communication)  and may be consi dered as pot ent i a l  e l ec t r on  
donors for  a u t o t r o p h i c  growth on carbon di ox i de .  However,  
none of  these compounds in combination wi t h  carbon d i o x i d e ,  
supported det ect abl e  growth.  Al though i t  remains possi bl e  
that  growth requirements are very  s p e c i f i c  and may not have 
been s a t i s f i e d  e x per i ment al l y ,  t h i s  does suggest that  carbon 
di oxi de  cannot be u t i l i s e d  as the sole source o f  carbon.
T h i s  is al so i n f er r ed  i n d i r e c t l y  by t here being no report  
of  Methylococcus having been i s o l a t e d  as a carbon di ox i de  
u t i l i z i n g  aut ot roph.
There are e s s e n t i a l l y  two expl anat i ons for t h i s  
s i t u a t i o n .  F i r s t l y ,  there may be no s u i t a b l e  e l e c t r o n  
donor which Coil provi de s u f f i c i e n t  energy and reduci ng 
power to support a Cal vi n cyc l e .  M. capsul atus ( Ba t h )  is 
very  r e s t r i c t e d  in terms o f  s u i t a b l e  carbon sources for  
growth,  wi t h methane i t s  prime s u bs t r at e .  I t  would not 
t her ef or e  be unreasonable to suggest that  p o s s i b l e  
reductants such as formate and hydrogen,  cannot be u t i l i z e d
2 * t O
e f f i c i e n t l y  enough to generate the r e q u i s i t e  amount of  
energy to support  a l l  c e l l u l a r  f unct i ons w h i l s t  ma i nt ai ni ng  
an energy consuming C a l v i n  cy c l e .
An a l t e r n a t i v e  to t h i s  hypothesi s i s  based on the 
f i n d i n g  that  the s p e c i f i c  enzymes of  the C a l v i n  c y c l e  
in M. capsul atus ( B a t h ) ,  are a l l  present  at  very  low 
a c t i v i t y  in e x t r a c t s  o f  the methane grown organi sm,  and 
as such,  would not be expected to support  a C a l v i n  c y c l e  
as sole carbon a s s i m i l a t i o n  pathway. Most organisms have 
hi gher  l e v e l s  o f  these enzymes when grown a u t o t r o p h i c a 1 1 y 
than when grown n o n - a u t o t r o p h i c a 11y ( L a s c e l l e s ,  I960;  
McFadden and T u ,  1967; Kuehn and McFadden, 1968; T ab i t a  
and McFadden, 197*ta). I t  may t h er ef or e  be that  these 
enzymes in M. capsul atus ( Bat h)  are present  at a c o n s t i t -  
u t i v e l y  low l evel  and t h e i r  s p e c i f i c  a c t i v i t i e s  cannot be 
rai sed t o a l l o w for  the u t i l i s a t i o n  o f  carbon d i o x i d e .
The c o n s t i t u t i v e  nature o f  RuBP carboxyl ase has a l r eady  
been i mpl i ed by i t s  remaining at a constant  s p e c i f i c  
a c t i v i t y  when M. capsul atus ( Bat h)  is switched from growth 
on AMS-medium to n i t r o g e n - free medium ( t h i s  s e c t i o n ,  sub­
sect i on 6 ) .  T h i s  idea i s p a r t i c u l a r l y  a t t r a c t i v e  in view 
o f  the mode of  r eg u l a t i o n  o f  RuBP carboxyl ase in ot her  
organi  sms.
, ¿snss i  i
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The high a c t i v i t y  of  t h i s  enzyme that  accompanies 
the a u t o t r o p h i c  growth o f  Ps, oxal at  i cus on formate,  is 
b e l i ev ed  to a r i s e  e i t h e r  as a r e s u l t  o f  i nduct i on of  
enzyme sy nt hesi s  by formate or  a d e r i v a t i v e  (Blackmore 
and Quay l e ,  1968) ,  from d e - r e p r e s s i o n  o f  enzyme s y nt hesi s  
where the h e t e r o t r o p h i c  subst rat e  or  d e r i v at e  is the 
repressor  ( D i j k h u i z e n  jet aj_. , 1978) or  from the oper at i on  
of  both e f f e c t s .  A der epr essi on/r epr essi on mechanism 
has a l s o  been proposed for  RuBP carboxyl ase control  in 
JR. rubrum ( S l a t e r  and M o r r i s ,  1973a) .  With the s i m i l a r  
nature o f  methane and carbon d i ox i de  metabol ism,  a 
derepression/repression or  i nduct i on control  or  RuBP 
carboxyl ase in M. capsul atus ( Bat h)  based upon methane, 
carbon d i ox i de  or  a d e r i v a t i v e  may be consi dered u n l i k e l y .  
T h e r e f o r e ,  i t  would be d i f f i c u l t  t o propose a r eg u l a t or y  
mechanism which coul d a l l ow d i s t i n c t i o n  between growth 
on methane by the RMP pathway and growth on carbon d i o x i d e  
by a C a l v i n  c y c l e .
I t  would be i n t e r e s t i n g  t o examine the p o s s i b i l i t y  
that  methane,  or  met abol i t e  produced from methane, represses 
RuBP carboxyl ase sy nt hesi s  by d e p r i v i n g  a c u l t u r e  of  
M. capsul atus ( Bat h)  o f  t h i s  subst rat e and f ol l owi ng any 
change in the s p e c i f i c  a c t i v i t y  of  RuBP carboxylase.  I f  
repressi on is o c c u r r i n g , t h e n  an increase in a c t i v i t y  may 
f ol l ow in a s i m i l a r  way to the reported i ncrease in carbon
di oxi de f i x a t i o n  r a t e  in R. rubrum on malate s t a r v a t i o n
( S l a t e r  and M o r r i s ,  1973a) .
The evidence presented above t her ef or e  suggests that  
RuBP carboxylase and phosphor i bul oki nase are e i t h e r ,  part  
o f  a novel carbon a s s i m i l a t i o n  pathway for  Cj compounds 
in M. capsulatus ( B a t h )  or  e l se represent  an e v o l u t i o n a r y  
t r a n s i t i o n  from C a l v i n  c y c l e  to RMP pathway,  or  v i c e  
v er s a,  and have l i t t l e  importance wi th respect  to the 
metabol ism o f  t h i s  organi sm.
9. THE METABOLISM OF 2-PHOSPHOGLYCOLLATE IN METHYLOCOCCUS 
CAPSULATUS (BATH)
The a b i l i t y  o f  the M. capsul atus ( Bath)  RuBP carboxyl ase 
to f unct i on a l so  as an oxygenase forming 3 - phosphog1 ycer at e 
and 2 -phosphoglycol  1 a t e , was i ndi cat ed e a r l i e r  in t h i s  
sect ion ( subsect i on 4 k ) .  Enzymes of  2 - phosphog1y c o l 1 ate 
metabol ism a r «1 g e n e r a l l y  c h a r a c t e r i s t i c  o f  carbon di ox i de  
a s s i m i l a t i n g  aut ot r op h s  al though several  have a l so been 
i mpl i cated in the s e r i n e  pathway o f  carbon a s s i m i l a t i o n  
found in methy1o t r ophs  , e . g .  g l y c o l l a t e  ox i das e,  hydroxy-  
pyruvate reductase,  g l y c e r a t e  kinase ( Ant hony,  1975) .  In 
view o f  the presence o f  hydroxypyruvate reductase in
- 2k3
M. c a ps u l a t u s ( B a t h ) ,  an i n v e s t i g a t i o n  i n t o  the metabol ism 
o f  2 - ph o s ph o g l y c o l l a t e  by t h i s  organism was done.
a ) The presence of  phosphoql ycol 1 ate phosphatase
The s ol u bl e  f r a c t i o n  o f  c e l l - f r e e  e x t r a c t s  o f  M. capsul atus 
( Bat h)  contai ned phosphogl ycol 1 ate  phosphatase a c t i v i t y ,  
dependent upon the presence o f  Mg2 + . A s p e c i f i c  a c t i v i t y  
o f  77 munit.mg p r o t e i n ” ' was measured at  the pH optimum 
o f  6.3 ( F i g .  59) and double r ec i pr ocal  p l o t s  o f  s p e c i f i c  
a c t i v i t y  agai nst  2 - p h o s p h o g l y c o l 1 ate con c e nt r at i o n  i nd i c at ed  
a Km o f  3 .k  mM. Al though a high va l ue ,  the Km for  2-  
phosphogl ycol 1 ate wi t h  the pea enzyme has been shown to 
be dependent upon pH and Mg2+ conc ent r at i on  ( H a l l ¡ w e l l ,
1976) and the M. capsui atus phosphatase may be s i m i l a r l y  
af f ect ed.  To determine the subs t rat e  s p e c i f i c i t y  o f  the 
M. capsul atus ( Bat h)  enzyme, a p a r t i a l  p u r i f i c a t i o n  was 
effect ed as shown in T abl e  20, and the a c t i v e  phospho-  
g l y c o l l a t e  phosphatase f r a c t i o n s  from the sucrose g r adi ent  
tested for  ot her  phosphatase a c t i v i t i e s .  App r ec i ab l e  
a c t i v i t y  was found o n l y  wi t h  2 - p h o s p h o g l y c o l 1 ate  ( T a b l e  21) .
No phosphogl ycol 1 at e  phosphatase a c t i v i t y  was found in 
c e l l - f r e e  e x t r a c t s  o f  M. met han i ca ( S I ) ,  an organism which 
al so possesses the RMP pathway for  carbon a s s i m i l a t i o n  
but which has no s i g n i f i c a n t  RuBP carboxyl ase a c t i v i t y .
The presence o f  t h i s  enzyme in M. capsul atus ( Ba t h )  t h e r e f o r e  
c o r r e l a t e s  wi t h the presence o f  RuBP carboxyl ase/oxygenase.
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Fi g.  59 E f f e c t  o f  pH on the a c t i v i t y  o f  M. capsul atus
( Ba t h )  phosphogl ycoi l at e  phosphatase
Tabl e 20 The p a r t i a l  p u r i f i c a t i o n  o f  M. capsul atus
( Ba t h )  phosphogl ycol 1ate phosphatase
Step S p e c i f i c  A c t i v i t y  P u r i f a c t i o n
uni t s. mg pr o t e i n  ' f act or
s ol ubl e  S j 0q f r a c t i o n  
o f  c e l l - f r e e  e x t r ac t
f r a c t i o n  B a f t e r  DEAE 
f r ac t  i onat  i on
0.2 to 0.8M sucrose 
g r adi ent  -  pooled 
a c t i v e  f r a c t i o n s
0.077
0.23 3 .0
0. 48 6.2
Substrate s p e c i f i c i t y  o f  the p hos phog l y c ol 1 ate 
phosphatase from M. capsul atus ( B a t h )
Tabl e 21
2 -  phosphogl ycol 1 ate
3 -  phosphogl ycer at e  
f ruct ose 1 , 6- bi sphosphate 
f r u c t os e  6-phosphate 
gl ucose 6-phosphate 
6- phosphogluconate 
r i bose 5-phosphate 
sedoheptulose 7-phosphate 
sedoheptulose 1 , 7 - bi sphosphate 
phosphoenoi pyruvat e
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b) The i nc o r p o r a t i o n  o f  [ ^ C l - 1- q l y c o l l a t e
The f u r t h e r  metabol ism o f  g l y c o l l a t e  in M. capsul atus
( Bat h)  was i n v e s t i g a t e d  by f o l l o w i n g  the uptake of  
1 4[ C ] -  1- g l y c o l 1 ate by i nt act  c e l l s  as descr i bed in the 
Mat er i a l s  and Methods sect i on.
a
The i n c o r p o r a t i o n  o f  exogeneous g l y c o l l a t e  by 
methane grown M. capsul atus ( Ba t h )  al though poor ,  remained 
l i n e a r  for  a t  least  25 min ( F i g .  6 0 ) .  Thi s  suggests that  
g l y c o l l a t e  i s  metabol ised by t h i s  organi sm and not si mpl y 
excreted i n t o  the growth medium as reported for  R. rub rum
(Codd and S mi t h ,  1974) .  The t ime course o f  l a b e l l i n g  o f
14pool met a b o l i t e s  from [ C ] - l - g l y c o l l a t e  i s  i nd i c at ed  in 
Tabl e 22. Res ul t s  for  the more i mportant  me t abol i t es  are 
a l so presented g r a p h i c a l l y  in F i g u r e  6 l .
At the e a r l i e s t  sampling t ime (1 m i n ) ,  the hi ghest
1 bpercentage ( 27%)  of  C on the chromatogram was present 
in ser i ne p l u s  g l y c i n e  and a n e g a t i v e  slope o f  i nc o r p ­
o r a t i o n  w i t h  time i nt o  these compounds,  was ev i d e nt .
A f t e r  1 mi n,  phosphate est er s  o n l y  accounted for  6.5% o f  
14the f i xed C and moreover e x h i b i t e d  a p o s i t i v e  slope o f
i n c o r p o r a t i o n  o f  l a b e l .  A s i m i l a r  p o s i t i v e  slope o f
i n c o r p o r a t i o n  was recorded for g l ut amat e.  Al though not
present on chromatograms a f t e r  4 min i nc u b at i o n ,  g l y c e r a t e
14accounted f or  5.3% o f  the f i xed C at  1 mi n,  i n d i c a t i n g
*-  2U8 -
O A  8 12 16 20 2A 28
t im e  ( m i n )
F i g .  60 I nc or por at i on  of  [ ycol  l a t e  by
i nt act  c e l l s  of  M. capsul atus ( Bat h)
s
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t i m e (  m in )
F i g .  6l D i s t r i b u t i o n  label  i ncorporated from [ ^ C -] -
I - g l y c o l l a t e  by M. capsul atus ( Bat h)  at  i+5°C
0 — 0  aspar t at e  
0 — 0  ser i ne + g l y c i n e
that  i t  was an e a r l y  l a b e l l e d  metabol i t e .  A negat i ve 
slope o f  i ncor por at i on  i nt o  glutami ne was a l so measured,  
the reason for which is uncl ear .
The two major  pathways o f  gl ycol  l a t e  metabol ism 
char ac t er i s ed  to date,  have been di scussed in the General 
I n t r o d u c t i o n .  These are a t a r t r o n i c  semialdehyde pathway 
(Kornberg and Got t o ,  1961; Codd and St ewar t ,  1973) and 
a g l y c i n e / s e r i n e  pathway found in hi gher  p l ant s  and green 
algae ( T o l b e r t ,  1971) .
The e ar l y  l a b e l l i n g  o f  ser i ne and g l y c i n e  in 
M. capsul atus ( Ba t h )  probabl y  i ndi cat es  the formation o f  
g l y c i n e  from g l y c o l l a t e  v i a  g l y o x y l a t e ,  the presence of  
which would not be demonstrated by the chromatography 
system used. The non-occurence of  l arge amounts o f  label 
i n i t i a l l y  in phosphate e s t er s  excludes the t a r t r o n i c  
semialdehyde pathway as an important route of  g l y c o l l a t e  
metabol ism in t h i s  organism as these are  the major 
i ntermedi ates o f  that  pathway.  The p o s i t i v e  slope of  
i ncor por at i on  i n t o  phosphate est er s  presumably i ndi cat es  
that  label  is r a p i d l y  t r a n s f e r r e d  from ser i ne and g l y c i n e  
to these compounds, probabl y v i a  3 - phosphogl ycer at e.
The absence o f  label  in t r i c a r b o x y l i c  ac i d  c y c l e  
i nt ermedi at es ,  not abl y  mal ate,  suggests that  g l y c o l l a t e  
is not s i g n i f i c a n t l y  metabol i sed vi a a g l y o x y l a t e  cyc l e .
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Furthermore,  t h i s  a l so  suggests that  the 8 - h y d r o x y a s p ar t at e  
pathway (Kornberg and M o r r i s ,  1965) is not f unc t i onal  in 
th i s organ i sm.
There is no evidence t o  suggest how a g l y c i n e  to 
ser i ne conversi on would oper at e in M. capsul atus ( Ba t h ) .
In hi gher  p l a n t s ,  t h i s  r eac t i on  i nvol ves loss o f  carbon 
di oxi de and al though t h i s  mechanism may wel l  o c c u r  in 
M. capsul atus ( Bat h,  i t  remains possi ble that  a ser i ne 
transhydroxymethylase ( 12)  t ype react i on i s  r es po n s i b l e .
T h i s  i s  p a r t i c u l a r l y  a t t r a c t i v e  in view of  the e a r l y
(12)  g l y c i n e  + N'*’ ^  -  methylene t et  rahydrofol  a t e ---------- >
ser i ne + t e t r a h y d r o f o l a t e
1kl a b e l l i n g  of  ser i ne from [  C ] - f o r ma t e ,  reported by 
Whi t tenbury  et  ^ a]_. ( 1976) .  Whether these r e a c t i o n s  would 
c o n s t i t u t e  a ser i ne pathway i s  at present u n c l e ar  and w i l l  
be discussed l a t e r  in t h i s  sect i on .
The probable conversi on of  ser i ne ro 3 - phos phog l y c er at e  
i ndi cat ed by the l a b e l l i n g  pat t er n  above,  pr o v i d es  an 
expl anat i on for  the presence of  hydroxypyruvate reductase 
in M. capsula tus ( Ba t h )  (Reed,  1976) in that  in hi gher  
p l a n t s ,  ser i ne i s  metabol i sed to 3 -phosphogl  y c e r a t e  vi a 
hydroxypyruvate and gl y c er at e  in t ur n .
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c ) Hydroxypyruvate reductase in M. capsul atus ( Bat h)
Al though the main a c t i v i t y  of  t h i s  enzyme i s the 
reduct i on of  hydr oxypyr uvat e to g l y c e r a t e ,  i t  has al so 
been i mpl i c at e d  in the i n t er c onv er s i on  of  g l y o x y l a t e  
and g l y c o l l a t e  (Anthony,  1975) as i t  is abl e to cat al yse  
the reduct i on o f  g l y o x y l a t e  at about o ne- t ent h  o f  the 
rate o f  hydr oxypyr uvat e.  The involvement o f  t h i s  enzyme 
in g l y c o l l a t e  metabol ism by M. capsul atus ( Ba t h )  was 
t heref ore  i n v e s t i g a t e d .
The s o l u b l e  f r a c t i o n  o f  c e l l - f r e e  e x t r a c t s  o f  
M. capsul atus ( Bat h)  was assayed for  hydroxypyruvat e 
reductase a c t i v i t y  wi th e i t h e r  hydr oxypyr uvat e or  g l y o x y l a t e  
as substrate ( T a b l e  2 3 ) .  The s p e c i f i c  a c t i v i t y  o f  g l y o x y l a t e  
reduct i on was approxi mat el y  80% o f  the a c t i v i t y  measured 
wi t h  hydr oxypyr uvat e.  The r e l a t i v e  s p e c i f i c  a c t i v i t i e s  
wi t h  both s u bs t r at es  remained constant  over  a p a r t i a l  enzyme 
p u r i f i c a t i o n  i n d i c a t i n g  that  both a c t i v i t i e s  may resi de on 
the one enzyme.
Double r ec i pr o c a l  p l o t s  o f  s p e c i f i c  a c t i v i t y  agai nst  
substrate c o nc ent r at i on  w i t h  the p a r t i a l l y  pure enzyme 
gave Km val ues  o f  3.3 mM for  g l y o x y l a t e  and 50 for  
hydr oxypyr uvat e  i n d i c a t i n g  a much hi gher  a f f i n i t y  of  the 
enzyme for hy dr oxy pyr uv at e.  Consequent l y,  a l t hough the 
M. capsul atus ( Bat h)  enzyme is f ar  more r esponsi ve to
T abl e  23 P a r t i a l  p u r i f i c a t i o n  o f  Hydroxypyruvate
reductase from M. capsulatus ( Bat h)  
assayed w i t h  e i t h e r  hydroxypyruvate or 
g l y o x y l a t e  as substrate
Step S p ed  f i c a c t i v i t y  
u n i t s . ( mg  prot ei n  ' )
Hydroxypyruvate G l y o x y l a t e
s ol ubl e  Sjgg 
f  ract  ion o f  cel  1 
f ree ext r act
0.041 0.033
f r a c t i o n  A a f t e r  
DEAE f r a c t i o n a t i o n 0.128 0.107
gel f i l t r a t i o n  
on Ul t r og el  AcA 34 0.255 0.193
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g l y o x y l a t e  than other  hydroxypyruvate r educt ases,  the
hiqh K value in r e l a t i o n  to that  for  hy dr oxy pyr uv at e  J m
argues agai nst  a physi ol ogi cal  rol e in g l y c o l l a t e  
o x i d at i o n .
Further  study o f  the enzymes o f  g l y c o l l a t e  metabol ism 
in M. capsul atus ( Bath)  is requi red b e f o r e  the preci se 
nature of  the pathway may be e l u c i d a t e d .  However,  the data 
presented above suggests a pathway o f  t h e  type shown below 
( 1 3 ).
3- phosphog l y cer at e
g l y c e r a t e
r
hydroxypyruvate
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10. OVERALL CARBON METABOLISM OF METHYLOCOCCUS CAPSULATUS
(BATH)
The r e s u l t s  descr i bed above have i ndi cat ed t hat  RuBP 
car boxyl ase does f unc t i on  in the c e l l u l a r  metabol ism o f  
M. c aps ul at u s  ( Bat h)  a l though a complete C a l v i n  c y c l e  may 
not be present .  How t h e r e f o r e  are the a c t i v i t i e s  o f  t h i s  
enzyme and phosphor i bul oki nase i nt egr at ed i nt o  the major 
r oute o f  carbon a s s i m i l a t i o n ,  v i z  the RMP c y c l e  ( Strom 
e_t a_K , 197*0, in t h i s  organism?
As i ndi cat ed in the General  I n t r o d u c t i o n ,  the RMP 
c y c l e  may be d i v i d ed  i n t o  three phases; carbon f i x a t i o n ,  
c l eavage and rearrangement (Quayl e and F e r e n c i ,  1978) .
The enzymes for  two po s s i b l e  types of  c l eavage are present  
in M. capsul atus ( St rom et a j . , 197*0 based upon f r uct ose 
bi sphosphate a l dol as e  o r  2 - k e t o - 3 - de o xy - 6 - p h o s p h o g l uconate 
(KDPG) a l dol ase  ( F i g .  5 ) .  The presence o f  phosphor i bul o-  
k i nase and RuBP carboxyl ase suggest an a l t e r n a t i v e  to t h i s  
c l e av a g e ,  i n v o l v i n g  c a r b o x y l a t i o n  o f  RuBP f ol l owed by 
r ed u c t i o n  o f  the pr o d u c t ,  3 - phosphogl ycer at e  to gl y cer al dehyde 
3 - phosphat e (GAP) .  These three schemes are i nd i c at ed  in 
F i g u r e  62. The requirement  for  reduct i on o f  3-phospho-  
g l y c e r a t e  e n t a i l s  g r e a t e r  expendi ture of  energy than is 
r e q u i r e d  for  f i x a t i o n  o f  formaldehyde and subsequent cleavage 
in t h e  ' normal '  RMP c y c l e .  T h i s  is c l e a r l y  shown in Tabl e  2*t
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where the product of  each scheme is converted to pyruvate 
by est abl i shed g l y c o l y t i c  steps.  Obvi ousl y ,  in scheme 3 
i nv o l v i n g  RuBP carboxyl as e,  the r a t i o  o f  r eactants need 
not be 2 formaldehyde ; 1 carbon d i o x i d e ,  and both the 
i n v i t r o  and ji_n vi  vo studi es descr i bed in t h i s  t h e s i s  
suggest far  more cel l  carbon a r i s e s  from formaldehyde than 
from carbon d i ox i de .
Al though the f i x a t i o n  of  carbon di oxi de r at her  than 
formaldehyde i s  e n e r g e t i c a l l y  unfavourabl e,  t h i s  must be 
consi dered wi t h  reference to the natural  envi ronment of  
M. ca ps u l a t u s . In t h i s  cont ext ,  the a b i l i t y  t o scavenge 
for  a carbon source in add i t i o n  to methane whi ch has low 
s o l u b i l i t y ,  may be advantageous and carbon d i o x i d e  would 
be r e a d i l y  a v a i l a b l e .  As discussed in the General 
I n t r o d u c t i o n ,  growth o f  M. capsulatus is probably l i mi t e d  
by the a v a i l a b i l i t y  o f  NAD(P)H ( Anthony,  1973) .  However,  
the NAD(P) H r equi r ed for carbon di oxi de f i x a t i o n  by 
M. capsul atus ( Ba t h )  coul d be provided e i t h e r  by the 
d i ss i mi 1 a t or y  c y c l e  of  formaldehyde o x i dat i on  ( Strom e^ t a I . 
1974; F i g .  8) or  by an ATP dependent reversal  of  e l ect r on  
flow f ol l owi ng hy dr oxy1 amine oxi dat i on  ( D a l t o n ,  1977) .
Consi der at i on  must a l so be given to the e f f e c t  of  
RuBP oxygenase a c t i v i t y  leading to phosphogl ycol 1 ate  and 
subsequent l y,  g l y c o l l a t e  formation.  The l a b e l l i n g  o f
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g l y c o l l a t e  in M. capsul atus ( B a t h ) ,  a f t e r  f i x a t i o n  o f  
[ - methanol  (Reed,  1976) ,  is suggestive of  t h i s  
oxygenase a c t i v i t y  o c c u r r i n g  _i_n v i v o . Studi es des cr i bed  
e a r l i e r  in t h i s  sect i on have i ndi cat ed that  g l y c o l l a t e  
is metabol i sed by M. capsul atus ( Bat h)  al though the 
pr eci s e  nat ure o f  the pathway and p a r t i c u l a r l y  the manner 
o f  conversi on o f  g l y c i n e  to s e r i n e ,  i s unknown.
Whi t t enbur y  _et a_l_. (1976)  have i ndi cated that  formate
is not metabol ised by the same pathway as methanol in
M. capsul atus ( B a t h ) .  Furthermore,  al though growth and
experimental  c o n di t i ons  were d i f f e r e n t ,  the pattern o f
1 kl a b e l l i n g  o f  pool metabol i t es  from [ C ] - f or mat e  was v e r y  1
1 kd i f f e r e n t  to the l a b e l l i n g  pat t er n  from [ C ] - b i c a r b o n a t e  
r eported here.  Toget her ,  these r es u l t s  suggest that  
formate is not a s s i mi l a t ed  in M. capsui atus ( Bat h)  e i t h e r  
by a RMP c y c l e  or  as carbon d i o x i d e  by RuBP c ar boxyl as e.
11tThe hi ghest  percentage o f  label  from [  C ] - f or mat e  
i n i t i a l l y  appeared in ser i ne and g l y c i n e  ( Whi t tenbury  ert al . , 
1976) and i t  is t he r e f o r e  not unreasonable to suggest t hat  
formate,  probabl y  as a t e t r a h y d r o f o l a t e  d e r i v a t i v e ,  
condenses w i t h  g l y c i n e  to g i ve  ser i ne as part  o f  the sequence 
o f  g l y c o l l a t e  metabol i s i ng r eact i ons.
2 6 1
The high percentage o f  label that  i n i t i a l l y  appears
ii.
in aspar t at e f o l l o w i n g  uptake of  [ C ] - b i c a r b o n a t e  by 
M. capsulatus ( B a t h ) ,  was demonstrated e a r l i e r  in t h i s  
s ect i on,  t h i s  probabl y  i n d i c a t i n g  PEP carboxylase a c t i v i t y .  
The enzymic machi nery may therefore be present  in t h i s  
organism to synt hesi se  a skeleton from 2-phospho-  
g l y c o l l a t e  ( F i g .  63) .  T h i s  would e f f e c t i v e l y  c o n s t i t u t e  
a ser i ne pathway a l though the quest i on o f  whether t h i s  
operates as part  o f  a c y c l i c  ser i es  of  r eac t i ons  remains 
unanswered.
Further  e l u c i d a t i o n  o f  the pathways o f  carbon 
metabol ism in M. capsul atus ( Bath)  must await  examination 
o f  cel 1 - f r ee  e x t r a c t s  for  the enzyme a c t i v i t i e s  concerned,  
in p a r t i c u l a r  t e t r a h y d r o f o l a t e  formylase,  ser i ne  t r a n s ­
hydroxymethyl  ase and the enzymes necessary to complete a 
ser i ne cycl e.
I t  has been suggested ( Whi t tenbury  et aj_. , 1976) that  
growth temperature af f ect s  the pathway of  carbon a s s i mi l a t i o n  
in M. capsulatus ( B a t h ) .  At  A5°C, both RMP and ser i ne cycl es 
are consi dered to oper at e w h i l s t  at  30°C,  o n l y  the RHP cycl e  
f unct i ons.  The h i g h e r  _m vi  vo a c t i v i t y  o f  - c a r b o x y 1 at i ons
at 35°C than at  it 5°C, shown e a r l i e r  in t h i s  sect i on from 
[ * ^ C ] - b i c a r b o n a t e  uptake exper i ments,  is not consi st ent  wi th 
there being less se r i n e  c y c l e  a c t i v i t y  at 35°C than at  A5°C. 
However,  the h i g h e r  RuBP carboxyl ase- oxygenase a c t i v i t y  at
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k5°C may suggest a g r eat er  need for a ser ine pathway 
o f  gl ycol  l a t e  metabol ism at the hi gher  growth t emperature.  
T h i s  c o r r e l a t e s  wi t h  the i ncreased l a b e l l i n g  o f  ser ine and 
g l y c i n e  at  it5°C observed by Whi t tenbury e_t aj_. ( 1976) .
T h e r e f o r e ,  these r es u l t s  suggest that  a l t h oug h the 
RMP c y c l e  is probabl y  the only complete cycl e  f o r  carbon 
a s s i m i l a t i o n  in M. capsul atus ( B a t h ) ,  RuBP carboxyl ase 
a l l ows for  carbon d i o x i d e  to be used as an a d d i t i o n a l  
carbon source to methane and a ser ine pathway enables 
the i n e v i t a b l y  formed phosphogl ycol 1 ate to be f u r t h er  
metabol ised and may provi de a means o f  u t i l i s i n g  formate 
as an a dd i t i o n al  carbon source.  The r e g u l a t i o n  of  such 
a system would be complex and worthy of  d e t a i l e d  study.
C l e a r l y ,  the carbon metabolism of  M. capsul atus ( Ba t h )  
and probabl y a l so  the ' Fost er  and Davis'  s t r a i n ,  is very  
d i f f e r e n t  to that  reported for other  met hyl ot rophs.  A 
number o f  ot her  p r o p e r t i e s  of  Methylococcus a l s o  suggest 
that  t h i s  genus cannot be a l l i e d  to e i t h e r  t y pe  I or type I I  
me' -hylotrophs.  I t  i s  therefore suggested t hat  Meth/lococcus 
should be c l a s s i f i e d  wi t h  a t h i r d  group of  me t h y l o t r o p h s , 
type X (R.  Wh i t t en b u r y ,  personal communi cat i on) ,  as shown 
in T abl e  25.
«
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A number o f  areas for  f ur t h er  study have been 
i ndi c at ed  in the t e x t .  However,  one area t h a t  has not 
been di scussed concerns the possi bl e  use o f  methyl otrophs 
as a source o f  s i n g l e  cel l  prot ei n  o f  which M. capsui atus 
has been the subj ect  of  consi der abl e  i n t e r e s t .  The 
presence o f  a u x i l i a r y  carbon a s s i m i l a t i o n  pathways in 
t h i s  organi sm suggest possi bl e  methods o f  i ncr easi ng 
growth y i e l d s .  The pr o v i s i o n  o f  carbon d i o x i d e  as an 
a d d i t i o n a l  carbon source t o methane may be one such 
method,  and in t h i s  con t ex t ,  possi bl e  use may a l so be 
made o f  the a b i l i t y  of  M. capsul atus to o x i d i s e  i norgani c  
compounds which could p o s s i b l y  funct i on as energy sources 
to support  carbon di oxi de f i x a t i o n .
A l t e r n a t i v e l y ,  a carbon di oxi de f i x a t i o n  system 
could be viewed as an energy drai n in a s i t u a t i o n  where 
methane is not l i m i t i n g  such as in an i n d u s t r i a l  fermenter 
A search for  s t r a i n s  of  Methylococcus wi t hout  RuBP 
carboxyl ase coul d t her ef or e  be wort hwhi l e .
11. EVOLUTIONARY ASPECTS OF THE RuBP CARBOXYLASE FROM
METHYLOCOCCUS CAPSULATUS AND RHODOMICROBIUM
VANNIELI I  (RM5)
The work presented above prompts d i s c u s s i o n  on two aspects 
of  the e v o l u t i o n  of  autotrophy.  F i r s t l y ,  c on s i de r at i o n  
must be gi ven to the evol ut i on  o f  RuBP carboxyl ase in l i g h t  
of  the e l u c i d a t i o n  of  the s t r u c t u r e  o f  t h i s  enzyme in 
R. vann i e l i  i (RM5) and M. capsul atus ( B a t h ) .  Secondl y ,  
the presence o f  RuBP carboxylase and phosphor i bul oki nase 
in M. capsul atus provi des the basi s  for  an important  
r e l a t i o n s h i p  between methylotrophs and those b a c t e r i a  
a s s i m i l a t i n g  carbon di oxi de vi a a C a l v i n  c y c l e .
Most e v o l u t i o n a r y  arrangements o f  aut ot r ophs pl ace 
organisms in the order  shown in T abl e  1. T h i s  o r d e r i n g  
is based upon a comparison of  metabol i c  c a p a b i l i t i e s  and 
is p a r a l l e l e d  by trends in i ncr easi ng mol ecul ar  s i z e ,  
quat er nar y  s t r u c t u r e  and a c t i v e  s i t e  a r c h i t e c t u r e  o f  RuBP 
carboxyl ase.  Such a n a l y s i s  has led to the post ul at ed 
scheme for  e v o l u t i o n  o f  RuBP carboxyl ase shown in F i gure 11 
(McFadden and T a b i t a ,  197*+; McFadden, 1975) .  The ev ol u t i o n  
o f  t h i s  enzyme can a l so be c o r r e l a t e d  to the apparent  
morphogenetic evol ut i on  expressed by the Rhodosp i r i 11aceae 
( F i g .  12) .  The r e l a t i v e l y  high mol ecul ar  wei ght  (**30,000) ,  
L^S^ subunit  s t r u c t u r e  and i n h i b i t i o n  by 6- phosphogluconate
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o f  the R. vann i e l i  i (RM5) RuBP carboxyl ase in comparison 
to the low mol ecul ar  weight  ( 1 1 ^ , 0 0 0 ) ,  subuni t  s t r u c t u r e  
and n o n - i n h i b i t i o n  by 6 - phosphog1uconat e , of  the R. rubrum 
enzyme ( T a b i t a  and McFadden, 197*+a), i s  in accordance wi t h  
the g r e a t e r  c e l l - c y c l e  compl exi t y  o f  _R. vann i e l i  i (RM5).  
A l t hough needing c o n f i r ma t i o n ,  the p o s s i b l e  exi st ence o f  
both low mol ecul ar  weight ( 360, 000;  Lg)  and hi gh mol ecul ar  
weight ( 550, 000;  LgSg)  forms o f  RuBP carboxyl as e in 
R. spheroi  des and R. capsul ata (Gibson and T a b i t a ,  1977a, b)  
c o r r e l a t e s  wi t h  the i nt ermedi at e degree o f  c e l l - c y c l e  
compl exi t y  in these organisms.  Furthermore,  sucrose 
den s i t y  gr adi ent  c e n t r i f u g a t i o n  of  the RuBP carboxyl ase 
from a newly i s o l at e d  Rhodopseudomonas sp. , aki n  to 
R^ . pa 1 u s t r i s , suggests that  the enzyme has a mol ecul ar  weight  
o f  appr oxi mat el y  300,000 (K.  E c k e r s l e y ,  U n i v e r s i t y  of  Warwick,  
personal  communi cat i on) ,  which again c o r r e l a t e s  wi t h the 
morphogenetic scheme o f  e v o l u t i o n .
Doubts have a l r eady  been expressed in the General 
I n t r o d u c t i o n  r egardi ng the quat er nar y  s t r u c t u r e  assi gned 
t o RuBP car boxyl ases a l l e g e d l y  compri si ng o n l y  large subuni t s .  
These doubts have been augmented by the a p p a r e n t l y  unstabl e 
s t r u c t u r e  of  the R. vann i e l i  i (RM5) enzyme. Consequent l y ,  
c o r r e l a t i o n  o f  quat er nar y  s t r u c t u r e  w i t h  RuBP carboxyl ase 
e v o l u t i o n  must be approached w a r i l y .  Even so,  i t  is of
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i n t e r e s t  to speculate as to the time o f  emergence of  RuBP 
carboxyl ase wi t h  both l arge and small subuni ts.  The LgSg 
s t r u c t u r e  o f  the R. vann i e l i  i (RM5) enzyme suggests that  
the a c q u i s i t i o n  of  small subunits pre-empted the development 
of  the LgSg st r uc t u r e  c h a r a c t e r i s t i c  o f  hi gher  p l ant s ,  al gae 
and most prokaryotes.  I t  may t h e r e f o r e  be p a r t i c u l a r l y  
wort hwhi l e  to examine a wider  range o f  Rh o do s pi r l 1aceae 
to f u r t h er  c l a r i f y  t h i s  s i t u a t i o n .  However,  the L^Sg 
subuni t  s t r u c t u r e  o f  the RuBP carboxyl ase from M. capsul atus 
( Ba t h )  and P. oxalat  icus (McFadden, 1977) i ndi cat es that  
t h i s  l i n e  o f  evol ut i on was not conf i ned to the phot osynt het i c  
organ i sms.
The molecular  weight ( 3 6 0 , 0 0 0 ) ,  subunit  st r u c t u r e  
^ 6 ^ 6 ^  anc* ' nb i b i t i o n  by 6-phosphogl  uconate o f  the 
M. capsul atus ( Bath)  RuBP carboxyl ase,  suggests that  t h i s  
organi sm was nei t her  an e ar l y  nor l a t e  developer  on the t ime 
scal e  o f  a u t ot r ophi c  e v o l u t i o n .  How then does t h i s  f i t  w i t h  
c u r r e n t  ideas on the evol ut i on  o f  autotrophy?
There is consi derabl e i n d i r e c t  evi dence,  summarised 
in the General  I n t r o d u c t i o n ,  to suggest that the Cal v i n  
c y c l e  has evolved from the RMP c y c l e  ( Quayle and Fer enci ,  1978) .  I, 
v i ew o f  the a d a p t a b i l i t y  of  bact er i a  and the many convergences 
and divergences that must have occurr ed dur i ng the 3 to k 
thousand m i l l i o n  years that  aut ot rophy has been e v o l v i n g ,  i t
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i s doubtful  whether a present  day organism e x i s t s  
demonstrat i ng a metabol ism which may be consi dered to 
be a precursor  o f  the C a l v i n  c y c l e .  I t  is however,  
tempting to suggest that  M. c a p s u l a t u s , wi t h  a RMP cycl e  
RuBP carboxylase and phos p h o r i b u l o k i n as e , i s  such an 
organi sm.  However,  were M. capsul atus a t r a n s i t i o n  
organi sm between RMP and C a l v i n  c y c l e s ,  a p r i m i t i v e  form 
o f  RuBP carboxylase would have been expected t o be present ,  
p o s s i b l y  wi t h  a l t e r n a t i v e  carboxyl ase a c t i v i t y .  Al though 
a pr i mat i v e  form of  enzyme was not found,  i t  would be o f  
i n t e r e s t  to probe t h i s  RuBP carboxyl ase for a c t i v i t y  
towards other  substrates and for c o mpet i t i v e  i n h i b i t o r s ,  
such as phosphoenol pyruvate, which may suggest a previ ous 
f unct i on  o f  the enzyme. The i nfer ence o f  Reh et  ^ aj_. , (1977)  
t h a t  the genes for  RuBP carboxyl as e and phosphor i bul oki nase 
ar e  c a r r i e d  on a p l a s mi d ( s )  in JPs. faci  1 i s , suggests an 
a l t e r n a t i v e  mechanism by whi ch these enzyme a c t i v i t i e s  may 
have ar i sen in M. capsul atus ( B a t h ) .
The intermediate mol ecul ar  wei ght  of  the M. capsul atus 
( Ba t h )  RuBP carboxylase and the exi st ence o f  a pathway for  
2-phosphogl ycol  l a t e  metabol ism,  suggests that  t h i s  organism 
may wel l  have been a carbon d i ox i de  a s s i m i l a t i n g  aut ot roph 
whi ch gained the a b i l i t y  t o  u t i l i s e  methane. Wi t h i n  i t s  
- nat ur al  envi ronment,  the u t i l i s a t i o n  o f  methane and/or 
carbon di oxi de may gi ve t he  organism a s e l e c t i v e  advantage
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and consequent ly both modes of  carbon a s s i m i l a t i o n  have 
been r et ai ned.  In t h i s  respect ,  the metabol ism of  
M. capsul atus ( Bat h)  may be viewed as an extension o f  the 
metabol ism shown by a number of  organisms ( e . g .  Paracoccus 
den i t r i fi  cans , £ .  oxalat  i cus) which a s s i m i l a t e  reduced Cj 
compounds ( methanol ,  formate)  as carbon di oxi de  vi a a 
C a l v i n  c y c l e .  These organisms are probabl y  carbon di oxi de 
f i x i n g  aut ot rophs by design that  have gained the a b i l i t y  
to o x i d i s e  o t her  Cj compounds and so obt ai n  gr eat er  
n u t r i t i o n a l  v e r s i t i l i t y  (Quayle and F e r e n c i , 1978) In a d d i t i o n  tc 
enzymes for  methane o x i d a t i o n ,  M. capsu1atus may have al so 
ac qui r ed  a dd i t i o n al  b i o s y n t h e t i c  enzymes and in t h i s  r espect ,  
i t  would be o f  i nt er est  t o examine the subst rat e s p e c i f i c i t y  
and k i n e t i c s  o f  the hexulose phosphate synthese and hexose 
phosphate isomerase from t h i s  organi sm,  in order  to e l u c i da t e  
possi b l e  ' p r e c u r s o r '  enzymes.
Al though i t  is not suggested that the RMP cycl e  in 
a l l  methyl ot rophs has evol ved from the C a l v i n  c y c l e ,  the 
s i t u a t i o n  in M. capsul atus ( Bat h)  is one that promotes 
spec ul at i on  as to the o r i g i n  of  t h i s  unique organism.
L i t t l e  d i scussi on has been focussed on the d e r i v a t i o n  o f  
the ser i ne pathway for Cj . a s s i mi l at i o n .  However,  evidence 
from r a d i o t r a c e r  experiments presented both in t h i s  t hesi s  
and by Whi t t enbur y  et a K  ( 1 9 7 6 ) ,  suggests that  c e r t a i n  
r ea c t i on s  o f  the ser ine pathway may funct i on in M. capsul atus
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( Bat h)  in the metabol ism o f  2 - phosphogl ycol 1 at e .  The 
i nf er ence to be made here,  i s  that  the ser i ne pathway 
may have evolved as a r es ul t  o f  the oxygenase a c t i v i t y  
o f  RuBP carboxyl ase.
Al though i t s  preci se nat ure is uncl ear ,  the r e s u l t s  
obt ai ned from M. capsui atus ( Bat h)  do i nd i cat e  an i n t e r ­
r e l a t i o n s h i p  between methane a s s i m i l a t i o n  by the RMP 
c y c l e  and carbon di ox i de  f i x a t i o n  by the Cal v i n  c y c l e .
Wi th the many ot her  close morphological  and biochemi cal  
r e l a t i o n s h i p s  between the methane o x i d i s e r s  and b a c t e r i a  
a s s i m i l a t i n g  carbon d i o x i d e ,  i ndi cated in the General  
I n t r o d u c t i o n  and by Whi t t enbur y  and K e l l y  ( 1 9 7 7 ) ,  t here is 
a c l e a r  case to be made for  b r i n g i n g  a l l  these Cj u t i l i s e r s  
t oget her  under the term autot rophs.
I-
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EVIDENCE FOR THE PRESENCE OF RIBULOSE 1,5-BISPHOSPHATE CARBOXYLASE AND 
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1. Introduction
The methylotrophic bacteria are not known to be 
capable of utilising C 0 2 as the sole source o f carbon 
for growth. Assimilation of C 02 , however, does occur 
both in Type 1 and Type 11 organisms [1 ], but the 
reductive pentose cycle for C 02 fixation has not 
been implicated in either case.
This study presents evidence for the presence o f  
the key enzymes of the reductive pentose cycle, 
ribulose-l,5-bisphosphate carboxylase and phospho- 
ribulokinase in extracts o f Methylococcus capsulatus 
(Bath).
2. Materials and Methods
2.1. Growth o f  bacteria and preparation o f  extracts
M. capsulatus strain Bath [3] was grown at 45°C 
in batch culture on ammonium plus mineral salts me­
dium [4], Soluble and particulate fractions from 
crude cell extracts were prepared as described by 
Colby and Dalton [5].
2.2. Cell-free C 0 2 fixation
C 02 fixation was measured at 4S°C in a reaction 
mixture (0.25 ml final volume) which contained:
15 Mmol Tris-HCl, pH 8.2; 2.5 pmol o f  MgCl2 ,
5 Mmol of NaHHC 0 3 (specific activity 0.8 pCi/
Mmol unless stated otherwise); soluble extract (0.4 mg 
o f protein); when required, NADH and ATP 
(0.2 pmol o f each). After preincubation for 5 min, 
the reaction was started by the addition of 0.2 Mmol
o f  the test substrate. The reaction was stopped after 
a further 5 min by the addition of 100 pi o f 12 M 
formic acid. A 200 pi sample o f the final reaction 
mixture was evaporated to dryness in a scintillation 
vial, resuspended in 1 ml o f water and radioactivity
(fixed 1 
meter.
C) measured in a liquid scintillation spectro-
2.3. Assay for 3-hexulose phosphate synthase
Enzyme activity was measured by the incorpora­
tion of label from [ l4C] formaldehyde into sugar 
phosphates with D-ribose 5-phosphate as substrate 
[6]. Assays were performed at 45°C.
2.4. Chromatography
Radioactive compounds formed during the cell- 
free C 02 fixation assays were analysed by two-dimen­
sional ascending paper chromatography, and auto­
radiography. The solvent system was phenol : water : 
glacial acetic acid : ethylenediamine-tetraacetic acid 
(1 M) (840 : 149 : 10 : 1), in the first direction, and 
equal volumes o f propionic acid : water (620 : 790) 
and n-butanol : water (1246 : 84) in the second direc­
tion (7). Products were identified by co-chromatog­
raphy with carrier organic compounds. 3-phospho- 
glyceric acid was detected with a molybdate reagent 
[81-
2.5. Enzyme purification
Ribulose 1,5-bisphosphate carboxylase was par­
tially purified by centrifugation into a 0.2 M to 0.8 M 
discontinuous sucrose gradient [9].
9
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TABLE 1
The fixation o f carbon dioxide by cell-free soluble extracts of M ethylococcus capsulatus (Bath).
Test substrate CO2  fixation 
(nmol CO2  fixed • 1 mg protein ')
None
Ribulose 1,5-P2
Ribulosc 1,54*2 (boiled extract) 
Ribulose 1,54*2 + ATP 
Ribulose 1,5-P2 + NADH 
Ribulose 1,54*2 + ATP + NADU 
Ribulose 54*
Ribulose 54* + ATP 
Ribulose 54* + NADH 
Ribulose 54* + ATP + NADH
Ribose 54*
Ribose 54* + ATP 
Ribose 5-P + NADH 
Ribose 54* + ATP + NADH
0.2
3. Results
Ribulose 1,5-bisphosphate and its immediate pre­
cursors in the reductive pentose cycle, were tested for 
their ability to act as carboxylation substrates for 
enzymes present in soluble, cell-free extracts o f  
M. capsulatus (Bath). Activation of C 02 fixation by 
ATP and NADH, as seen in Nitrobacter Winogradskyi 
[10], was also investigated (Table 1 ).
Ribulose 1,5-bisphosphate stimulated C 02 fixation 
whereas ribulose 5-phosphate and ribose 5-phosphate 
both required ATP for activity. This ATP require­
ment suggests that ribulose 5 -phosphate and ribose 
5-phosphate must be converted to ribulose, 1,5-bis- 
phosphate, via a phosphoribulokinase, before C 0 2 
fixation can occur. No requirement was observed for 
NADH.
To determine the products formed by the ribul- e 
1,5-bisphosphate stimulated C 0 2 fixation, samples 
from reaction mixtures containing partially purified 
enzyme and NaH,4C 03 at a specific activity of 
8 pCi/pmol, were analysed by two-dimensional chro­
matography. A single radioactive spot was detected 
which co-chromatographed with 3-phosphoglyceric 
acid, the product o f ribulose 1,5-bisphosphate carbo­
xylase.
Both soluble and particulate fractions were tested 
for 3-hexulose phosphate synthase activity to deter­
mine whether ribulose 1,5-bisphosphate stimulated 
C 0 2 fixation, was mediated by this enzyme (Table 2).
Sodium dodecyl sulphate polyacrylamide gel elec­
trophoresis o f  the partially purified ribulose 1,5-bis­
phosphate carboxylase, indicated that it is composed 
o f both large and small subunits as are plant, and the
—  • % x
, t  ;  >• . 'A „ —
TABLE 2
The activities o f 3-hexulose phosphate synthase and ribulose 1,5-bisphosphate carboxylase in soluble and particulate fractions 
from crude cell-free extracts o f  M ethylococcus capsulatus (Bath).
Fraction 3-Hexulose phosphate synthase
(nmol substrate fixed • min-1  mg protein- 1 )
Ribulose 1,5-bisphosphate carboxylase 
(nmol CO2  fixed - min-1  mg protein- 1 )
Soluble 12 10.5
Particulate 306 2.9
r ! * f j
I
de by cell-free soluble extracts of Methylococcus capsulatus (Bath).
CO2  fixation
(nmol CO2  fixed • min 1 mg protein *)
0.2
9.4
ict) 0.3 
10.1 
9.0
>DH 9.0 
0.4 
3.3 
0.5
1 2.4
0.2
2.5 
0.3 
1.8
>hate and its immediate pre­
pentose cycle, were tested for 
boxylation substrates for 
ale, cell-free extracts o f  
:tivation o f  C 02 fixation by 
in Nitrobacter winogradskyi 
ed (Table 1).
phate stimulated C 02 fixation 
phate and ribose 5-phosphate 
ctivity. This ATP require- 
ose 5-phosphate and ribose 
nverted to ribulose, 1,5-bis- 
oribulokinase, before C 0 2 
equirement was observed for
T o  determine the products formed by the ribulose 
1,5-bisphosphate stimulated C 02 fixation, samples 
from  reaction mixtures containing partially purified 
enzym e and NaH,4C 0 3 at a specific activity o f  
8 jiCi/jimol, were analysed by two-dimensional chro­
matography. A single radioactive spot was detected 
which co-chromatographed with 3-phosphoglyceric 
acid, the product o f  ribulose 1,5-bisphosphate carbo­
xylase.
Both soluble and particulate fractions were tested 
for 3-hexulose phosphate synthase activity to deter­
mine whether ribulose 1,5-bisphosphate stimulated 
C 02 fixation, was mediated by this enzyme (Table 2).
Sodium dodecyl sulphate polyacrylamide gel elec- 
trophousis of the partially purified ribulose 1,5-bis­
phosphate carboxylase, indicated that it is composed 
of both large and small subunits as are plant, and the
Ph,°w h! ’C syn,hase and ribulose 1,5-bisphosphate carboxylase in soluble and particulate fractions
:s of Methylococcus capsulatus (Bath).
jlose phosphate synthase
substrate fixed • min- * mg protein- *)
Ribulose 1,5-bisphosphate carboxylase 
(nmol CO2 fixed • m in- 1  mg protein- *)
\ HRSV' * * «á *
, ? •* f  » 
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majority of microbial, ribulose 1,5-bisphosphate car­
boxylases [11].
4. Discussion
Evidence presented in this paper demonstrates the 
existence of ribulose 1,5-bisphosphate carboxylase 
and phosphoribulokinase activity in M. capsulatus 
(Bath). To the best o f  my knowledge, this is the first 
report which suggests that the reductive pentose cycle 
may operate in a species o f methane oxidizing bac­
teria.
Although the specific activity o f C 02 fixation in 
crude extracts is considerably lower than that ob­
served in autotrophically grown Nitrobacter [10], it 
should be realized that Methylococcus derives most 
of its fixed carbon from the oxidation of methane 
without the intermediate formation of carbon diox­
ide; COj fixation only represents a small proportion 
of the total carbon assimilated by the cell. Further­
more, the value observed for the ribulose 1,5-bis- 
phosphate carboxylase activity in M. capsulatus 
(Bath) is comparable with that observed in crude 
extracts of Rhodospirillum rubrum [12] and Rhodo- 
microbium vann ielli (unpublished results) when 
grown heterotrophically.
The comparatively low activities for the carboxy­
lase, as measured with ribulose 5 -phosphate or ribose 
5-phosphate as substrate, and with ATP, suggests that 
the kinase, which would be necessary to convert the 
pentose mono-phosphates to the bisphosphate, is 
present either in low concentration, or has low activ­
ity, or requires specific activation. The reason for the 
apparent decrease in activity in the presence o f  
NADH, and with all the substrates, is at present un­
clear.
M. capsulatus (Bath) assimilates the bulk o f  its car­
bon from methane via 3-hexulose phosphate syn­
thase. This enzyme catalyses the condensation o f  a 
Cl unit (formaldehyde) with a C5 acceptor (ribulose 
5-phosphate). The possibility that 3-hexulose phos­
phate synthase assumes the role o f a carboxylase in
this organism was discounted because its activity was 
almost entirely associated with the particulate frac­
tion in crude extracts. The carboxylase activity was 
found almost exclusively in the soluble fraction 
(Table 2).
Whether the reductive pentose cycle for C 0 2 fix­
ation operates in vivo in M. capsulatus (Bath) and in 
other methane oxidizers, has yet to be determined.
A reappraisal o f  theoretical cell yield studies for 
growth on methane [13] may however be required.
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